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Preface

The eight years of Bled Workshops in Physics have endowed them with a tra-
dition and created their special flavour and colour. They have evolved into an
interplay between a slow and steady progress in some topics and a lively display
of puzzles and surprises in others.
The title of this Summer’s Mini-Workshop, Exciting Hadrons, implies both, how
experimentalist excited hadrons to new states, as well as how these excited and
exciting hadrons excite theorists.
It was a pleasure to jointly propose solutions to puzzles as well as to technical
difficulties in computation and experiment, with ample time for discussions and
confrontations. Future will show which of our conclusions and suggestions were
correct but we believe they were at least fruitful.
Multiquarks are still a controversial topic, or even more so. The third-millennium
states Ds,J, two X, and Y which are reasonably well established call for an ex-
planation of their puzzles: narrow widths and/or high production rates and/or
branching ratios. The SELEX ccq baryons need reconfirmation and the pentaquark
(non)sightings need an explanation before we can extrapolate to new multiquarks
and guide experimentalists.
On the other hand, the “light and low-energy” hadronic physics continues at a slow
pace of steady progress from qualitative to quantitative. Relativity brought the
electromagnetic and weak form factors and some hadronic widths nearer to ex-
periment, but not yet all; further understanding is needed. Electroexcitation of
baryons remains a very promising tool to explore complicated states such as the
Roper.

Ljubljana, November 2005 M. Rosina
B. Golli
S. Širca
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The role of instantons in conventional light hadrons
and multiquarks

V. Dmitrašinović

Vinča Institute (Lab 010), P.O.Box 522, 11001 Belgrade, Serbia

Abstract. I shall outline a unified approach to few-quark (including two, three, four and
five quarks) states in a nonrelativistic constituent quark model. Particular attention will be
paid to conventional mesons and baryons, which are basic decay products of multiquarks,
such as tetra- and pentaquarks. We shall show that most of light mesons and baryons are
readily reproduced with the flavour-dependent instanton-induced effective quark interac-
tion. Exceptions to this rule will be discussed, time permitting.
The contents of this talk follow to a large degree the following papers: (1) the role of
instanton-induced effective quark interaction in nonrelativistic light-flavoured mesons and
baryons follows Ref. [1]; (2) instanton-induced interaction in charmed tetraquarks follows
Ref. [2]; (3) instanton-induced interaction in light-flavoured pentaquarks follows Ref. [3].

References
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teraction”, to appear in Ann. Phys. (N.Y.) (2005).

2. V. Dmitrašinović, Phys. Rev. D 70, 096011 (2004); Phys. Rev. Lett. 94, 162002 (2005).
3. V. Dmitrašinović, Phys. Rev. D 71, 094003 (2005).
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The Spin Structure of the Constituent Quarks

Harald Fritzsch

Arnold Sommerfeld Center, University of Munich, Theresienstraße 37, D-8033 München

Abstract. We define a constituent quark within QCD. It is shown that the spin of such a
quark and hence also the spin of the nucleon is reduced due to q̄q–pairs, in agreement
with experiment. A solution to the spin problem is given.

Experiments have revealed that the internal structure of the nucleon is more com-
plicated than originally assumed[1]. In particular, the portion of the nucleon spin
carried by the spins of the u- and d-quarks is not, as naively expected, about 75%,
but much smaller[2]. This effect was discussed in connection with the effects of
gluons, which can make a negative contribution to the net quark spins[3–5].

In this paper we study the situation by considering the internal spin structure
of the constituent quarks. Often it is assumed that the nucleon consists of three
constituent quarks, each of them having their own internal structure. However,
in QCD the notion of a constituent quark has remained vague. Using a specific
“gedankenexperiment” we first show how a constituent quark can be defined
with all its dynamical properties. Then we apply our results to the nucleon. In
order to simplify the task, we shall first neglect the s-quarks. Later we comment
on what changes once s-quarks are introduced.

We relate the spin structure to the QCD anomaly[6]. A very specific picture
emerges, giving an elegant solution of the spin problem.

For a proton being a system of three constituent quarks, i. e. (uud), it is dif-
ficult to disentangle the contributions of the three constituent quarks. Therefore
we consider a heavy baryon of spin 3/2, e. g. one with a quark structure (bbu).
The ground state of such a system is an isospin doublet, which we denote as U
and D:

U ⇑ = (b ⇑ b ⇑ u ⇑) (1)
D ⇑ = (b ⇑ b ⇑ d ⇑) .

One expects that these states of spin 3/2 exist in reality, but will probably never
be observed and studied in detail. We proceed to study the internal structure of
these states, in particular the aspects related to the light quarks. Note that a state
like (bbu) consists of a single light constituent quark.

The states U and D behave much like the proton–neutron system, if we turn
off the weak interaction of the b–quarks. For example, the state D, being slightly
heavier than U, would show a β-decay: D → U + e− + ν̄e. This can be used to
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define the associated vector and axialvector coupling constants, e. g. the matrix
elements < U|ūγµd|D > and < U|ūγµγ5d|D >.

The isospin doubletU−Dwould exhibit a strong interaction with pions, e. g.
there would be charge exchange reactions like π−U → π◦D. Relations analogous
to the Goldberger–Treimann relations or the Adler–Weissberger relations would
be valid.

Furthermore the U– or D–state can be used in a “gedankenexperiment” as
target for lepton scattering experiments. This way the distribution functions of
the light quarks u, d can be studied. The heavy quark b would constitute essen-
tially a fixed portion of the momentum of the U– or D–state. The associated dis-
tribution function would essentially be a δ–function in x–space. Thus the heavy
quark contribution to the total momentum can be disregarded. What is left over,
is the momentum distribution function of the constituent light quark, which we
would like to investigate.

The light quark distribution functions are then given in terms of a scaling
parameter x, defined to be the momentum of the quarks, divided by the total
momentum of the constituent quark. Thus the variable x varies as usual between
zero and one.

The states U and D can be polarized. The simple SU(6) type wave function
is given by:

U ⇑ =
1√
3

[(b ⇑ b ⇑ u ⇑) + (b ⇑ u ⇑ b ⇑) + (u ⇑ b ⇑ b ⇑)]

In QCD the light quark distribution functions are given by the matrix ele-
ments of the bilocal densities q̄(x)γµq(y) or q̄(x)γµγ5q(y) at lightlike distances.
Taking these matrix elements, one arrives at the distribution functions u+(x),
u−(x), d+(x) and d−(x) of the U–state. The indices + or − denote the helicity
+ or − of the corresponding quark in a polarized U–state with positive helicity.

Let us first denote the sum rules following from the exact flavor conservation
laws. The matrix element < U|u+u|U > is, of course, given by one, the matrix
element < U|d+d|U > vanishes. Thus we have

1∫

0

(u+ + u− − ū+ − ū−)dx = 1 (2)

1∫

0

(
d+ + d− − d̄+ − d̄−

)
dx = 0

These rules above are the analog of the Adler sum rule in the case of nucle-
ons. We proceed to discuss the analog of the Bjorken sum rule denoting the axial
coupling constant of the U−D–system by ga:

1∫

0

{
[(u+ + ū+) − (u− + ū−)] −

[(
d+ + d̄+

)
−
(
d− + d̄−

)]}
dx = ga (3)
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This sum rule concerns the isotriplet, i. e. the matrix element< U|ūγµγ5u−−

d̄γµγ5d|U >. We can also consider the matrix element of the isosinglet current
ūγµγ5u + d̄γµγ5d. The associated sum rule

∫1

0

[
(u+ + ū+ − u− − ū−) +

(
d+ + d̄+ − d− − d̄

)]
dx = Σ (4)

gives a number Σ, which can be viewed as the contribution of the u– and d–
quarks to the U–spin.

In a naive model the constituent u–quark inside the U–particle would be
composed solely of a u–quark with positive helicity, i. e. all density functions
vanish except for u+:

1∫

0

u+dx = 1 , d+ = d− = d̄+ = d̄− = u− = ū+ = 0 , ga = Σ = 1 (5)

This relation would correspond to the SU(6)-result in the nucleon: |GA/GV | =

5/3. In reality we have |GA/GV | = 1.26, i. e. a reduction from 5/3 by nearly
25%. Taking the same reduction for U, D, as a guideline, we expect for the U/D–
system: ga ∼= 0.75 instead of ga = 1.

The axialvector coupling constant ga would fulfill a Goldberger–Treiman re-
lation and would be related to the π − U − D-coupling constant. The associated
axialvector current will be conserved in the limit mu = md = 0.

However the singlet current ūγµγ5u+ d̄γµγ5d is not conserved in this limit
due to the gluon anomaly:

∂µ
(
ūγµγ5U + d̄γµγ5d

)
= 2 ·

(
g2/8π2

)
GµνG

µν (6)

(Gµνa : Gluon field strength).
It is well–known that the gluonic anomaly leads to an abnormal mixing pat-

tern for the 0−+–mesons, implying a strong violation of the Zweig rule in the
0−+–channel. We consider the anomaly as the reason why in the case of the
nucleon the axial singlet charge deviates strongly from the naive quark model
value[6].

As can be seen directly from the sum rules given above, we obtain immedi-
ately the naive result ga = Σ, if all d–densities vanish. If we take as an example
ga = 0.75 and ū = d = d̄ = 0, we obtain:

1∫

0

(u+ − u−)dx = 0.75 ,

1∫

0

(u+ + u−) dx = 1 (7)

1∫

0

u+dx = 0.875 ,

1∫

0

u−dx = 0.125

In this case 75% of the U–spin would be given by the spin of the u–quark,
the remaining 25% are due to other effects like orbital effects and gluons.
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However in the presence of the QCD anomaly the picture changes since Σ 6=
ga. We isolate the d–integral and obtain:

2

1∫

0

(
d+ + d̄+ − d− − d̄−

)
dx = Σ− ga (8)

The difference Σ − ga is given by the matrix element < U|d̄γµγ5d|U >

which in a naive picture vanishes. We decompose this m. e. into an isosinglet
and isotriplet term:

< U|d̄γµγ5d|U >=
1

2
< U|d̄γµγ5d−ūγµγ5d|U > +

1

2
< U|d̄γµγ5d+ūγµγ5u|U >

(9)
The isospin triplet term is determined via a Goldberger–Treimann relation

and related to PCAC and the associated pion pole.
Suppose, PCAC would also be valid for the singlet current. In this case there

would be a Goldstone particle (the η–meson with quark composition 1√
2

(
ūu + d̄d

)
,

and the π◦ and η–contribution would cancel. The matrix element vanishes, and
we have Σ = ga.

In reality this is not true. One finds, for example, for the nucleon Σ ≈ 0.30.
We set as an illustration Σ = 0.30 and obtain:

1∫

0

dx
(
d+ + d̄+ − d− − d̄−

)
=
1

2
(Σ− ga) ∼= −0.22 (10)

1∫

0

dx (u+ + ū+ − u− − ū−) =
1

2
(Σ+ ga) ∼= 0.53

We note that due to the QCD–anomaly q̄q–pairs are generated inside the
U–particle. Thus it is the QCD-anomaly, which leads to the q̄q–pairs. This is a
nonperturbative effect, like the QCD–anomaly itself. Furthermore the q̄q–pairs
are polarized, canceling partially the spin of the u–quark. Note that the sign of
(Σ− ga) is negative.

The sum rule for the d–densities above implies that the sum
(
d− + d̄−

)
is

nonzero, but it does not imply that the sum
(
d+ + d̄+

)
is nonzero. Thus

(
d+ + d̄+

)

can be zero or very small.
The (q̄q)–pairs, generated by the QCD anomaly, e. g. by the gluonic dynam-

ics, are not related to the constituent u–quark directly, and one therefore expects
in particular d− = d̄−. Thus one expects d+ = d̄+ = 0, d− = d̄− = ū−.

In this case a polarized constituent u–quark is dominated by the u+–function,
accompanied by

(
d̄d
)
– and (ūu)–pairs, which partially cancel the spin of the u–

quark.
An interesting case, probably close to reality, is:

ū+ = 0, d+ = d̄+ = 0 (11)
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1∫

0

(
d− + d̄−

)
dx = −

1

2
(Σ− ga) ∼= 0.22

1∫

0

ū−dx = − (Σ − ga) ∼= 0.11

1

2
(Σ + ga) =

1∫

0

dx (u+ − u− − ū−) ∼= 0.53 . (12)

Now we include the s–quark. At first we consider the case of SU(3)–symmetry:
mu = md = ms. The total spin sum is given by

1∫

0

[u+ + ū+ − u− − ū−) +
(
d+ + d̄+ − d− − d̄

)
+ (s+ + s̄+ − s− − s̄−)]dx = Σ

(13)
We obtain:

∫1

0

[(
d+ + d̄+ − d− − d̄−

)
2 + (s+ + s̄+ − s− − s̄−)

]
dx = Σ− ga (14)

Again we set s+ = s̄+ = d+ = d̄+ = 0. Furthermore we have d− = d̄− = s− = s̄−,
and obtain:

∫ (
d− + d̄−

)
dx =

∫
(s− + s̄−)dx ∼= 0.15

∫
ūdx ∼= 0.075 (15)

Again the spin is partially canceled by the q̄q–pairs, this time including s̄s–pairs.

Now we consider the realistic case with SU(3)–braking. It is well–known that
the physical wave function of the η–meson and the η ′–meson are approximately
given by

η =
1

2

(
ūu + d̄d −

√
2s̄s
)
, η ′ =

1

2

(
ūu + d̄d +

√
2s̄s
)
. (16)

Thus in reality we are between the two cases discussed above. As an exam-
ple, which is probably close to reality, we take the strange cloud to be half as big
as the nonstrange cloud, as suggested by (17).

∫ (
d− + d̄−

)
dx ∼= 0.18

∫
ū−dx ∼= 0.09

∫
(s− + s̄−)dx ∼= 0.09 . (17)
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Again we see that the QCD anomaly is the reason why the spin is partially can-
celed by the q̄q-pairs, although the s̄s–pairs are less relevant than the d̄d– and
ūu–pairs.

We think that we have found in the QCD anomaly the reason why the spin of
the nucleon is a rather complicated object. The spin is reduced by q̄q–pairs, which
partially cancel the spin of the constituent quarks. The q̄q–pairs are polarized.

Finally we make some comments about the nucleon. The quark-antiquark-
pairs in each constituent quark diminish the spin, and one finds that the spin,
provided by the quarks, is only about 30% of the total spin. The question arises
who carries the remaining part of the spin. The departure of |GA/GV | from 5/3

indicates that orbital effects are there. They make up about 25% of the spin of the
nucleon. The remaining part of about 45% is related to the QCD–anomaly. Since
the latter is a q̄q–effect, caused by gluons, we conclude that about 45% of the
nucleon spin is carried by gluons.

We summarize: 30% of the spin is carried by the valence quarks and the q̄q–
pairs, 25% by orbital effects, and 45% by gluons.

The polarized q̄q–pairs should be searched for in the experiments. Also the
gluonic contribution can be observed in the experiments, especially by studying
the c̄c–production in lepton–nucleon–scattering, as done in the Compass experi-
ment[7].

I would like to thank Prof. Rosina for the arrangement of this meeting.
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Dibaryons and Nuclear Force Models?

V. I. Kukulin

Institute of Nuclear Physics, Moscow State University, Moscow

Abstract. The numerous experimental works in which the dibaryon signals have been
observed are analyzed critically A new concept of the dibaryon as six-quark bag dressed
with strong meson fields, mainly with a scalar σ-field, is introduced and discussed. Novel
concept for intermediate- and short-range nuclear force as driven by the dressed interme-
diate dibaryon generation is advocated. Various implications of the new force model in
hadronic and nuclear physics are discussed.

First of all I would like to thank the workshop organizers for very fruitful
and fully informal atmosphere on the workshop which stimulates the free dis-
cussions and debates among all participants during the workshop. It is especially
important for presentation of the talk with non-orthodox content. The text below
is strongly shortened version of the extended review-like oral talk presented to
the workshop. However, for the reader’s convenience, we include to the text the
extended list of references.

1 Many facets of dibaryon

The idea of dibaryon is almost as old as that of quarks. Still in 70-ies, R.Jaffe et
al., using the MIT-bag model, suggested the existence of low-lying specific multi-
quark states which can be observed experimentally [1,2]. Jaffe has proposed the
most probable candidate among the all low-lying six-quark states, viz. di-lambda
dibaryon which should be seen as a bound state inΛΛ-channel. Despite of the fact
that the subsequent intensive searches of such a dibaryon for many years over the
world gave the negative results, the activity of experimentalists and theoreticians
in the field was extremely high up to 90ies [3–12]. The situation to the end of 80ies
has been well summarized by Kamal Seth in his famous talk of 1988 “Dibaryons
in Theory and Practice”:

“Dibaryons have become a hot topic for intermediate-energy nuclear physicists dur-
ing the last ten years. Rumours about their existence and discovery abound and hardly
an international conference or annual review goes by without somebody expounding on
? The review-like talk is based on the series of original works made jointly wits Drs.

V.N. Pomerantsev, M.A. Shikhalev, I.T. Obukhovsky and Prof. A. Faessler. The original
works included to this talk have been partially supported by RFBR grants nos. 05-02-
04000, 05-02-17407 and DFG grant no. 436 RUS113/790
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the subject with either a pro- or contra-bias. The debates between the believers and non-
believers tend to be almost religious in their fervor and it is difficult to find objectivity in
much of what is written or said. ”

A new renaissance in the field began a few years ago after the pentaquark
became in the main focus of the interest of international QCD-community. There
appeared for recent years some new experimental evidences [9–12] in favor of
very narrow dibaryons with low mass. Some of these findings [12] have been
criticized afterward and they look rather doubtful while the other ones [9,10]
look to be more reliable and still wait for their confirmation in more accurate
experiments with the higher statistics. However, it became much clearer in re-
cent years there is completely different facet of dibaryon, i.e. its decisive role
in intermediate- and short-range nuclear force and as an important component
of nuclear wavefunctions [13–21] instead of its role as quark exotics as was as-
sumed previously! Moreover, we have argued [20,21,32] the crucial contribution
of the intermediate dibaryon in many hadronic processes, like two-pion or heavy-
meson production in pp collisions. Thus the present talk includes arguments the
pros and cons dibaryon existence, and very short description of its role in nuclear
force problem.

2 The contra arguments

As was conjectured still in early days of dibaryon physics there might be two
forms of dibaryons: narrow multi-quark states and broad resonances. The first
type must be uncoupled from the open NN channel or NNπ open channels, oth-
erwise the state will be broad. Thus, the most attempts have been spent just for
finding narrow dibaryon signals. We refer the reader to the review talk of Seth [22]
for refs. to earlier works in the field and focus here on most recent predictions.

(i) On the experimental side, a few indications of the narrow dibaryon states be-
low theNNπ-threshold and uncoupled from theNNchannel have been found
recently [7–10,12] in pp → ppγγ and pd collisions at intermediate energies.
Some of the low-lying states have been studied afterward with higher statis-
tics and no dibaryon signals have been found. The most probable candidates
for the broad dibaryon states have been discovered in phase-shift analysis
of pp scattering in the 1D2, 3F3 etc. partial waves. In fact, the partial scat-
tering amplitudes in these channels display some loops on the Argand plot.
Later on, these loops have been ascribed to the near N − ∆ threshold singu-
larity. Also, many dedicated experiments with very good statistics have been
done by Kamal Seth with coworkers, and they did not find any bumps or
resonance-like behaviour in the respective reaction cross sections. All these
experiments have been summarized as “there are NO experimental indica-
tions for both narrow and broad dibaryons”.

(ii) On the theory side, numerous calculations made in terms of quark models
(see e.g. [5,6]) resulted in rather high energies of six-quark states (in non-
strange sector) E(6q) ∼ 400 ÷ 800 MeV above the NN-threshold. So, these
states lie high in theNN- orNNπ-continuum and hardly can be visible in any
experiments.
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3 The pro arguments

However, more careful theoretical analysis of the existing data on deuteron frag-
mentation on hydrogen and other light targets [23,24], deuteron electro-disinte-
gration, the numerous disagreements with experiments for few-nucleon systems
[25] has revealed that the assumption of dibaryon degrees of freedom can give the
best explanation for majority of the puzzles found up to date. Moreover, for the
passed thirty years we did not find any arguments disproving the initial Jaffe’s
conjecture about the existence of dibaryons, i.e. which can forbid these objects.
Thus, if they do not exist there should be some fundamental restrictions in QCD
which forbid their existence. So we present here the pro arguments, both direct
and indirect.

3.1 Direct arguments

There is a very broad class of processes in nuclear and hadronic physics, which
are forbidden with a single-nucleon kinematics but quite feasible if two or more
nucleons are involved simultaneously (the so-called cumulative processes). One
of the most remarkable feature for such cumulative processes is a sub-threshold
particle production. The distance from the threshold (on the energy scale) shows
the mass of multi-nucleon cluster (multibaryon) on which the reaction proceeds.
Experimentally it was registered the antiproton production in high-energy p−A

collisions on 2 GeV(!) below the normal threshold.
– Another almost direct manifestation of dibaryons in deuteron is the com-

pilation by the Dubna group [26] about the nucleon momentum distribution in
deuteron (see Fig. 1). The compilation includes many sorts of data, both for the
deuteron electro-disintegration and purely hadronic fragmentation of deuteron
on various targets. It is remarkable that all sorts of data are in a good agreement
to each other. It is evident from Fig. 1 that there is a bump-like enhancement at
nucleon momenta in deuteron between 0.3 and 0.6 GeV/c. The momentum range
is very far from the average nucleon momenta typical for nuclear physics1.

– There is very natural (but purely phenomenological) interpretation of the
bump at 0.3 GeV . k . 0.6 GeV on Fig. 1. This explanation is based on the
assumed non-coherent contribution of the 6q-bag [28] in deuteron with the struc-
ture |s6[6]L=0〉.

– There is still another good example where the dibaryon contribution has
been seen clearly. This is the pd backward scattering at intermediate energies
Ep ∼ 0.4 − 2.8 GeV [29] or p + d → (pp) + n process in the same kinemat-
ics [30,31].The latter process has been studied recently in a full detail at COSY [31]

1 In conventional meson theory this enhancement can be explained only by the so-called
∆-isobar current (IC). However, recent experiments done by the Novosibisk Electron-
Deuteron Collaboration [27] on measurement of tensor observables in deuteron photo-
disintegration at photon energy 40 - 500 MeV have demonstrated clearly that the IC in
deuteron at the above range of nucleon momenta fail to explain the above polarization
observables at Eγ > 350MeV. So, the large contribution of IC assumed in the theoretical
treatment of d(e, e ′p) process simply mimics the contribution of the dibaryon mode.
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Fig. 1. Left: The nucleon distribution in the deuteron nd = |ψd(k)|2 extracted from e − d

scattering and dp → pX stripping data. The solid and dashed lines correspond to the cal-
culations performed within the impulse approximation. The dash-doted line shows the ef-
fect of including of the non-nucleon component in the deuteron wavefunction [28]. Right:
Comparison of the measured d(e, e ′p)n cross section to the calculation with Schiavilla’s
code with (solid curve) and without (dashed curve) MEC and IC.

n
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p
p
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p
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d
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Fig. 2. Some graphs illustrating the conventional (a) and new (b) mechanisms for the pd →
(pp) + n process at intermediate energies.

at very low pp relative energy Epp < 3 MeV. The authors have found in p + d →
(pp) + n process that, at the incident proton energy Ep < 400 MeV, the FSI in
pp-subsystem is seen clearly while at Ep > 500 MeV there is no FSI in the for-
wardly moving pp system (at very low pp relative energy!). The authors have
suggested most plausible interpretation for this: at Ep < 400 MeV the process
mechanism is represented by the pole diagram of proton exchange (see Fig. 2a)
while at higher incident momentum of proton (when the probability of high mo-
mentum of proton inside deuteron gets much lower and the contribution of the
exchange mechanism shown in Fig. 2a becomes much smaller) the leading mech-
anism is changed and can be presented by graph on Fig. 2b. In this graph D∗

means the exited intermediate dibaryon (in the authors’ terminology it is a fire-
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ball) the decay of which provides the second fast proton which does not interfere
with the incident fast proton due to a time delay. Thus, the energy correlation of
the two non-interacting moving forwardly protons measured in the experiment
should not manifest any FSI effect.

3.2 Indirect arguments

There are many disagreements between the basic parameter values of the best
current NN potential models and those derived from a consistent dynamical de-
scription and QCD. These concern e.g. with the coupling constant for the values
gωNN, κρNN and the values of cut-off parametersΛπNN,ΛπN∆ etc. [15,16]. These
disagreements with fundamental theory are well known more than 25 years but,
even now, we have no real explanation for such contradictions. It is important to
stress here all the above discrepancies are related only to the intermediate- and
short-range components of nuclear force. However, it was demonstrated in our
works [15–21] these discrepances could be removed if to incorporate an interme-
diate dibaryon into the fundamental NN interaction at intermediate and short
ranges. So, this result can be considered as a good indirect argument in favor of
crucial role of the dibaryons in NN interaction.

Fig. 3. The deuteron form factor Fd(Q2) multiplied by (Q2)5 (top) and the reduced form
factor fd(Q2) (bottom). The curve is an asymptotic pQCD prediction arbitrarily normal-
ized to the data atQ2 = 4(GeV/c)2.

Another big portion of indirect arguments pros the dibaryons can be de-
duced from few-body physics. In fact, numerous calculations undertaken in last
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years for nd, nT , pd etc. elastic scattering at very low and intermediate ener-
gies have demonstrated clearly there are many evident disagreements between
the best few-nucleon calculations and experimental data [14,15,25,29,30]. It is im-
portant to emphasize here that the processes under study were completely in-
side the scope of validity of the current force models and the theoretical mod-
els adopted have incorporated all the important components of the 2N and 3N
forces. So the only thinkable reason for numerous disagreements observed is
an incorrect off-energy-shell behaviour of the force, or, alternatively, highly in-
complete underlying force models. To illustrate the point we present here only
one such evident disagreement: the photo-disintegration cross section ratio for
4He η = σ(4He(γ, p))/σ(4He(γ, n)) at energies Eγ ∼ 15 − 25 MeV measured
experimentally reaches 1.5 - 1.7 while all traditional four-body calculations pre-
dict η ∼ 1.2 − 1.3. So, in this reaction we observe some strong Coulomb effects
which are absent in the conventional approach. However, recently it was found
in our 3N calculations for the 3He Coulomb energy [18] the dibaryon model of
nuclear force does predict strong additional Coulomb effects (which are fully ab-
sent in traditional force models): the Coulomb interaction between the charged
dibaryon and external protons. This new three-body Coulomb interaction gives,
as has been shown [18,19], full explanation for the Coulomb displacement energy
between 3H and 3He.

There are also many very general, although indirect, arguments in favor of
the dibaryon admixtures to nuclear wavefunctions. One of such arguments is an
asymptotic behaviour of electromagnetic form factors of deuteron, 3H, 4He etc.
atQ2 → ∞ (the so-called quark counting rules). This asymptotic behaviour have
been observed experimentally at Q2 ∼ 4 ÷ 8 GeV2 and points to the six-quark
dominance at high Q2 in deuteron (see Fig. 3). The similar arguments also can be
applied to the high-energy photo-disintegration of deuteron measured recently
in JLab.

Summarizing all the arguments together one can claim there are a lot of ev-
idence (both direct and indirect) in favor of dibaryons in hadronic and nuclear
physics.

4 Dibaryon as a carrier of basic nuclear force

In our previous works [13–19] we have proposed a new force model, in which the
intermediate- and short-rangeNN-interaction proceeds through an intermediate
dressed dibaryon, i.e. via an s-channel mechanism:NN → (6q+meson fields) →
NN, where the meson dressing in the form of meson fields (mainly the σ-field)
surrounding the dense six-quark core stabilises strongly the 6q-bag and shifts its
self-energy down to the NN threshold (see Fig. 4). The physical pattern underly-
ing this new s-channel mechanism can be shortly outlined as follows [15,16]. At
the first step, the initial NN system, by gluon or quark exchange, gets confined
in the excited six-quark configuration |s4p2[42]LST〉, i.e. it deals with the excited
C − C ′ channel with hidden color. On the second step, two p-shell quarks jump
down to the s-shell and emit hereby two s-wave pions. The latter, in their turn,
strongly interact in the field of six-quark core giving the scalar-isoscalar σ-meson
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Fig. 4. The graph in the first row illustrates the s-channel NN interaction through the in-
termediate dressed dibaryonD; the peripheral exchanges are also shown for the one-pion
case only. The graphs in the second row illustrate some possible diagrams for the dibaryon
dressing.

with a reduced mass and width. Due to a strong attraction of the σ-meson to the
quarks confined in the |s6[6]〉 component and due to the spherical symmetry of
the s6 six-quark bag, the σ-field will compress the bag. This bag compression will
induce scalar diquark correlations of very short range in the bag (rqq ∼ 0.2 fm)
and will enhance further the quark-meson interaction. All these attractive effects
will compensate completely the energy losses arising due to the intermediate σ-
meson production and also from rather high kinetic energy of six quarks localized
in the bag. Thus, the net result of this interplay has been estimated to be strongly
attractive. Next, we employed the quark-meson microscopic model to estimate
these effects and to construct the respective new model for the NN interaction at
short ranges. Thus the following fundamental results have been obtained:

(i) It was shown that the meson cloud of the symmetric six-quark bag (mainly
the σ-field) should play a very important role in its dynamics [16,20,21], so
that, instead of the bare six-quark bag, one should consider the novel object –
the dressed dibaryon.

(ii) The above dressed dibaryon (with dominating σ-field) can be treated as a
main carrier of nuclear force at intermediate- and short ranges, instead of
the conventional t-channel heavy-meson exchange with artificially enhanced
coupling constants and cut-off parameters).

(iii) The above dibaryon model of nuclear force leads inevitably to an appearance
of scalar attractive many-body force and also new many-body Coulomb force
in nuclei. This attractive many-body force may give a good dynamical basis
(related intimately to the fundamental QCD theory) for relativistic Walecka-
Serot hadrodynamical picture of nuclei. It was shown by direct three-body
calculation that the above three-body scalar force contributes at least a half
the total nuclear binding in 3H and 3He systems [18,19].

(iv) The intermediate dibaryons in nuclei must lead to new currents, according
to general principle of quantum physics. These new specific currents have
been shown to result in full explanation of deuteron magnetic form factor and
magnetic moment, as well as the circular polarization of γ-quanta in np → dγ

process for thermal neutrons [32]. It would be very interesting to test the new
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force model in predictions of various cumulative processes. This work is in a
progress now.

References
1. R.L. Jaffe, Phys. Rev. Lett. 38, 195 (1977); R.L. Jaffe, K. Johnson, Phys. Lett. 60, 201

(1986).
2. E. Fahri, R.L. Jaffe, Phys. Rev. D 30, 2379 (1984).
3. T. Goldman et al., Mod. Phys. Lett. A13, 59 (1997).
4. S.B. Gerasimov, nucl-th/9712064.
5. E.L. Lomon, J. Phys. Colloq. 51, 363 (1990); Few-Body. Syst. Suppl. 7,213 (1994);

P. La France, E.L. Lomon, Phys. Rev. D 34, 1341 (1986).
6. S.D. Paganis, T. Udagawa, G.W. Hoffmann, R.L. Ray, Phys. Rev. C 56, 570 (1997).
7. S.B. Gerasimov, A.S. Khrykin, Mod. Phys. Lett. A8, 2457 (1993).
8. S.B. Gerasimov, S.N. Ershov, A.S. Khrykin, Yad. Fiz. 58, 911 (1995).
9. A.S. Khrykin et al., Phys. Rev. C 64, 03400 (2001).

10. A.S. Khrykin, nucl-ex/0211034; Nucl. Phys. A721, 625c (2003).
11. P.A. Zolnierczuk et al., Phys. Lett. B 549,301 (2002); Acta Physica Polonica B31, 2349

(2000); nucl-ex/0007011.
12. L.V. Filkov, V.L. Kashevarov, nucl-th/0409009.
13. V.I. Kukulin, Proceeds. of the V Winter School on Theoretical Physics PIYaF, Gatchina, S.-

Petersburg, 8 – 14 Febr. 1999., p. 142.
14. V.I. Kukulin, I.T. Obukhovsky, V.N. Pomerantsev and A. Faessler, Physics of Atomic

Nucl. 64, 1748 (2001).
15. V.I. Kukulin, I.T. Obukhovsky, V.N. Pomerantsev and A. Faessler, J. Phys. G 27, 1851

(2001).
16. V.I. Kukulin, I.T. Obukhovsky, V.N. Pomerantsev and A. Faessler, Int. Journ. of Mod.

Phys. E 11, 1 (2002).
17. M.M. Kaskulov, V.I. Kukulin, P. Grabmayr, Int. Journ. of Mod. Phys. E 12, 449 (2003).
18. V.I. Kukulin, V.N. Pomerantsev M.M. Kaskulov and A. Faessler, J. Phys. G 30, 287

(2004).
19. V.I. Kukulin, V.N. Pomerantsev and A. Faessler, J. Phys. G 30, 309 (2004).
20. V.I. Kukulin and M.A. Shikhalev, Physics of Atomic Nucl. 67, 1558 (2004).
21. A. Faessler, V.I. Kukulin and M.A. Shikhalev, Ann. Phys. 320, 71 (2005).
22. K. Seth, Dibaryons in Theory and Practice, Talk at 1998 AIP meeting.
23. J. Napolitano et al., Phys. Rev. Lett. 81, 4576 (1998).
24. C. Bochna et al., Phys. Rev. Lett. 61, 2530 (1988).
25. H.O. Meyer, A talk at Symposium on Current Topics in the Field of Light Nuclei, Cracow,

Poland, 21–25 June 1999, p. 858 (unpublished).
26. E.A. Strokovsky, Yad. Fiz. 62, 1193 (1999).
27. D. Nikolenko (Novosibisk Electron-Deuteron Collaboration), Talk at 5-th Intern. Con-

ference “Nuclear and Radiation Physics”, Almaty, Sept. 26-29, 2005.
28. A.P. Kobushkin, Yad.Fiz. 62, 1213 (1999).
29. P. Berthet et al., J. Phys. G 8, L111 (1982); J. Arvieux et al., Phys. Rev. Lett. 50, 19 (1983);

Nucl. Phys. 431, 613 (1984); V. Punjabi et al., Phys. Lett. B 350, 178 (1995); L.S. Azhgirey
et al., Phys. Lett. B 391, 22 (1997); Yad. Fiz. 61, 494 (1998).

30. Yu.N. Uzikov, V.I. Komarov, Phys. Lett. B 524, 303 (2002).
31. S.Yashchenko, “Deuteron Breakup pd → (pp)nwith a Fast Forward Diproton Studied

at ANKE-COSY”, Ph.D. Thesis, Faculty of Science of Friedrich-Alexander Universität,
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Abstract. After the premises, the following topics are discussed: gluon binary bilocal and
adjoint string operators; what to learn from octet string breaking. Outlook is given.

1 Premises

We face the theoretical abstraction of QCD with Nfl = 6 , representing strong
interactions – adaptable to two or three light flavors (u, d, s) of quarks and anti-
quarks.

Quarks: color is counted in π0 → γγ; spin and flavor are clearly seen in qq
and 3q, 3q spectroscopy.
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Perturbative rescaling

vAµ = gvAµ pert , FAµν = gFAµν pert .

Degrees of freedom are seen in jets, in (e.g.) the energy momentum sum rule in
deep inelastic scattering, but not clearly in spectroscopy. Completing ∆L in Fermi
gauges:

∆L =
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? In collaboration with Wolfgang Ochs, earlier work also with Harald Fritzsch.
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Here η is the gauge parameter, c and c are the ghost fermion fields, (Dµc)
A =

∂µc
A − fABDv

B
µc
D, and CA = ∂µv

µA is the gauge fixing constraint.
We first show, in Fig. 1, the qq p-wave nonets, discussed in QCD2002. No

clear confirmation has been achieved, in particular because of the low mass (large
width) scalar candidates σ, κ.

h_1

b_1  ( 3 )

k_1  ( 4 )

h’_1

1^+−

f_2

a_2 ( 3 )

K_2 ( 4 )

f’_2

2^++

a_1 ( 3 )

f_1

K_1 ( 4 )

1^++

f’_1

f_0

a_0

K_0 ( 4 )

( 3 )

f’_0

0^++

0

0.25

0.5

0.75

1.0

1.25

1.5

M ( GeV )

η

η

π

’

K ( 4 )

( 3 )

0^−+

h_1
χ_2

χ_1

χ_0

0^++ 1^++ 2^++ 1^+−

ccbar ( 1P )

 ∆ M ( GeV )

 ∆ M = M − 2 m_c

( =  2.5  GeV )

0

0.25

0.5

0.75

1.0

1.25

1.5

Fig. 1. qq p-wave nonets 0++, 1+±, 2++ (top panel); the pattern can be compared to cc
p-wave states (bottom panel).
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In Fig. 2 (taken from [1]) the charge multiplicity in the fragmentation region
of gluon and (anti-)quark jets in three-jet Z decays from the Delphi collaboration
is displayed. As a relevant parameter a rapidity gap ∆y is imposed, ∆y = 1.5.
The excess – relative to Monte Carlo results – increases for the gluon jet with
increasing ∆y.

Fig. 2. Charge multiplicity in jets (JET3: gluon, JET1: quark).

2 Gluon binary bilocal and adjoint string operators

The goal is, to identify – not just some candidate resonance – gluonic mesons,
binary and higher modes, and to relate them to the base quantities within QCD.

B[µ1ν1],[µ2ν2](x1, x2) = F[µ1ν1](x1;A)U(x1, A; x2, B) F[µ2ν2](x2;B) (4)

Here A,B, · · · = 1, · · · , 8, and F[µν](x;A) denote the color octet of field strengths.
The quantityU(x,A;y, B) in Eq. (4) denotes the octet string operator, i.e. the path-
ordered exponential over a straight-line path C from y to x.

U(x,A;y, B) = P exp

(∫x

y
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C
dzµ

1

i
vµ(z,D)FD

)

AB

(5)

(FD)AB = ifADB
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In Eq. (5) fADB denotes the structure constants of SU3c and FD the gen-
erators of its adjoint representation. vµ(z,D) ≡ vDµ (z) denote the octet of field
potentials.

Properties pertaining to the octet string operators, field strengths and their
potentials are discussed in extenso in [2]. The method of QCD sum rules involv-
ing correlation functions of local gluon binary operators is ”on the way of” iden-
tifying gluon binary bilocal and adjoint string operators. This has been pursued
– among others – by Stephan Narison [3].

Let me illustrate this goal further, showing ”... the abridged ordering in an
actual spider web. It follows an abridged double spiral pattern from the center
base point and back.” The figure (Fig. 3) is adapted from a photograph by Lui
Bernard [4].

Fig. 3. ’Awareness’ by the spider of the local spatial rotation group (not SU3c), and associ-
ated Riemann normal coordinates, as relevant for the nonabelian Stokes relation.

3 What to learn from octet string breaking

Equation (5) defining the octet string operators is repeated below (see Fig. 4).

U(x,A;y, B) = P exp

(∫x

y

∣∣∣∣
C
dzµ

1

i
vµ(z,D)FD

)

AB

(6)

(FD)AB = ifADB

Here U(w,D; v, C) and U(v, B;y,A) denote the octet string operators, split
apart by the pair of field strengths at the breaking point v (see Fig. 4).
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Fig. 4. Octet string operatorsU(w,D; v, C) and U(v, B;y,A) split apart by the pair of field
strengths at the breaking point v.

The alternative gluon string breaking proceeds also into an octet, but realised
by two triplet strings, with each a quark and an antiquark at opposing ends.

It is the final (gluon-gluon) octet breaking, which leads to the hadrons form-
ing the associated fragmentation region, which is thought to be dominated by zero
(small) electric charge multiplicity [5] , as shown in Fig. 2 [1]. The latter – assum-
ing a dominant (or at least important) octet breaking component in gluon jets –
increasingly so with an increasing rapidity gap imposed, evolve in a gluon en-
riched environment – and thus our suggestion, that gluonic mesons as well as
hybrids may be prominent there.

In the analysis of Buschbeck, Mandl and Siebel [1] of the Delphi events Z →
3 jets it was however impossible, due to low statistics, aggravated by the rapidity
gap requirement, to resolve the invariant mass distribution of the hadrons form-
ing the gluon jet fragments.

I look forward to ensuing experiments at the Tevatron and the LHC.

4 Outlook

1) While the candidate assignments for the lowest lying binary gluonic mesons
JPC = 0++, 0−+, 2++ remain unchanged, mesonic and baryonic spectroscopy
involving u, d, s flavors, mainly in the scalar channel for mesons and exotic
(tetra-monoanti-)quark baryons have not helped to clarify the situation.

2) The surprise involving lower than expected masses in the sc heavy light sys-
tem, is uncontroversial experimentally and sheds light on the p-wave sc dy-
namics.

3) The continued study of the charge multiplicity of leading hadrons in gluon
relative to (anti-) quark jets, imposing a rapidity gap, has given support to a
substantial (gluon-gluon) octet breaking of the gluonic octet string.
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4) Even if candidates for binary gluonic mesons are found, new ones or confirm-
ing old ones, the identification of their intrinsic gauge boson structure is –
theoretically – way inside the domain of nonperturbative field theory.

5) Yet I think they do exist, as cornerstone entities of QCD.
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Abstract. We report on the present status of relativistic studies of various baryon proper-
ties within the framework of constituent quark models performed by the Graz group. In
particular, we address covariant excitation spectra of light and strange baryons as well as
electroweak and hadronic (decay) reactions.

1 Poincaré-Invariant Quantum Mechanics

The framework followed for the studies of baryon reactions reported here is rel-
ativistic (i.e. Poincaré-invariant) quantum mechanics. It is a theory that relies
on a fixed number of particles and is thus qualitatively different from a field-
theoretical approach. Nevertheless it might be quite effective, especially in a range
of energies where certain degrees of freedom govern the reactions and others are
practically frozen. The beauty of such a theory lies in the fact that it can be re-
liably formulated and solved (on a Hilbert space corresponding to a predeter-
mined number of particles). All of the symmetries of special relativity can be
taken care of and one arrives, in particular, at Lorentz-invariant results. The start-
ing point for the calculations is usually an invariant mass operator with interac-
tions, and one solves its eigenvalue problem to deduce spectra and eigenstates.
The latter are used to calculate covariant matrix elements of transition operators
corresponding to certain reactions.

2 Relativistic Constituent Quark Models

We have employed relativistic constituent quark models (RCQMs) with two types
of hyperfine interactions. The first one is the one-gluon-exchange (OGE) RCQM
parametrized after the Bhaduri-Cohler-Nogami (BCN) model [1] by Theußl et al.
[2] and the second one is the Graz Goldstone-boson-exchange (GBE) RCQM [3].
Whenever possible a comparison is given to the instanton-induced (II) RCQM by
the Bonn group [4] whose hyperfine forces stem from the ’t Hooft interaction. In
all cases the confinement interaction is linear with quite similar strengths.
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3 Baryon Spectroscopy

The detailed light and strange baryon spectra of the OGE, GBE, and II CQMs
can be found in the original papers [2–4]. A critical discussion of the qualitative
differences between the GBE and OGE hyperfine interactions is presented in ref.
[5]. For a critique of some erroneous and misleading results in the literature see
also ref. [6]. In the comparison of the GBE, OGE, and II RCQMs some relevant
observations have been made specifically with regard to the N and Λ spectra in
the Bled Proceedings 2004 [7].

The GBE RCQM has recently been extended to include for the hyperfine in-
teraction additional force components deriving from vector and scalar boson ex-
changes [8]. The quality of the light and strange baryon spectra is more or less the
same as in the case of the GBE RCQM with only pseudoscalar-exchange hyper-
fine forces.

4 Baryon Reactions

For the calculation of baryon reactions we have mostly followed the point-form
approach to relativistic quantum mechanics. For the elastic electromagnetic form
factors of the nucleons we have also made parallel calculations in instant form.
In all cases a spectator model for the transition operator has been employed [9].

5 Electroweak Form Factors

Here, I am not addressing the electromagnetic and weak reactions. Rather, I refer
to the contribution of R. Wagenbrunn at this Workshop [10]. He has dealt with
elastic and inelastic electromagnetic as well as axial form factors both in the point
and instant forms.

I only mention that a comprehensive study of the electric radii and magnetic
moments of all octet and decuplet baryon ground states has recently been com-
pleted by K. Berger [11]. Some of the results have already been published in ref.
[12].

6 Mesonic Decays of Baryon Resonances

So far we have considered π and η decay modes of N∗ and ∆∗ resonances. Only
covariant point-form results are available up till now. They have recently been
published in ref. [13]. This paper also contains a critical discussion of the decay
widths comparing predictions of the OGE, GBE, and II RCQMs. While the results
are rather similar for all of these RCQMs - but usually rather far away from ex-
perimental data - one finds in all instances considerable relativistic effects. This
puts considerable doubt on previous nonrelativistic or relativized calculations.

A comprehensive study of all mesonic decay modes of baryon resonances,
including the strange sector, is presently under way [14].
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Abstract. The dynamics of two heavy quarks inside the same hadron is probed against the
double charm baryon results seen at SELEX. This can be seen as a part of the mechanism
to bind tetraquarks with two heavy quarks and two light antiquarks. In the framework of
potential models, it is possible to test the role of different effects: relativistic corrections,
confinement, hyperfine forces, etc. It is conjectured that an additional interaction rescaled
from the nucleon–nucleon system and acting between light quarks only, can help in bring-
ing extra, possibly required, binding in tetraquarks.

1 Introduction

The observation of double charmed baryons, (ccq), by the SELEX collaboration
[1,2] has brought new incentive to study hadrons containing heavy quarks. The
discovery by Belle and BaBar of the Ds,J states [3], of the anomalously narrow
X(3872) meson [4], and of the other hidden-charm states X(3940) [5] and Y(4260)

[6] also stimulated much activity in this field. Some of these states might be inter-
preted as meson–meson molecules or as multiquark states.

Regarding double-charm baryons, several uncertainties are left in the SELEX
results: only the (ccd)+(3520) is confirmed, as being seen in two different weak-
decay modes. Unfortunately, other peaks, which are candidates for isospin part-
ner, spin or orbital excitation, are far from being established [7]. There is hope that
the final analysis of SELEX data and future experiments could clarify the situa-
tion. In particular, the double charm production seen in B-factories to detect char-
monium states recoiling against other charmonium states, could possibly lead to
final states with double charm hadrons recoiling against double anticharm sys-
tems.

The purpose of the present study is to investigate whether or not charmo-
nium (cc̄), charmed mesons (cq̄) and baryons (cqq) can be described in a simple
unified picture and lead to predictions for double-charm baryons (ccq) and for
hidden-charm (cqc̄q̄) and double-charm (ccq̄q̄) tetraquarks.

We believe that mixing heavy and light quarks or antiquarks in the same
system sometimes favours multiquark binding below the threshold for spon-
taneous dissociation into simpler hadrons. Some attractive effects between two
? Talk delivered by Fl. Stancu
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heavy quarks, or between two light quarks, might lower the mass of a multiquark
system without acting on the threshold energy.

The structure of this paper is a follows. In the next section, we present the
main dynamical ingredients that play a role in multiquark binding. In Secs. 3 and
4, we briefly review some of the theoretical approaches to double charm baryons.
Section 5 is devoted to an analysis of the latest results on open charm tetraquarks.
The last section raises several questions on the role of various dynamical effects
and, in particular, of the light quark dynamics in the binding of tetraquarks.

2 Aspects of quark dynamics

2.1 The heavy–heavy effect

Flavour independence is one of the appealing features of quark models, directly
linked to QCD. Potentials have been designed, for instance, to describe simulta-
neously the (cc̄) and (bb̄) spectra. In a flavour-independent potential used in the
context of the Schrödinger, or an improved equation, with relativistic kinematics,
one automatically gets a heavy–heavy effect: a subsystem with large reduced mass
takes better benefit of the attraction. This is illustrated by the following inequali-
ties [8].

(QQ) + (qq̄) ≤ 2(Qq̄) , (1)
(QQq) + (qqq) ≤ 2(Qqq) , (2)

(QQq̄q̄) ≤ 2(Qq̄) . (3)

While (1) and (2) are valid for any value of the heavy-to-light mass ratio x =

M/m, (3) requires a minimal value of x for a bound state to occur. In atomic
physics, a sort of flavour independence is also present, inasmuch as the same
Coulomb potential acts on light and heavy charges. There the inequality (1) means
that a system of a protonium and a positronium is lighter than the hydrogen
plus the antihydrogen. The inequality (3) is also observed: while the positronium
molecule is marginally bound, the hydrogen molecule lies well below the thresh-
old of dissociation into two hydrogen atoms.

2.2 The light–light effect

In quark physics, one also encounters a light–light effect, which is not explicitly
included in simple potential models and thus should be added by hand. Two
hadrons, containing at least one light quark each, have a long-range strong inter-
action which is sometimes attractive and might contribute to binding. The best
known example is the deuteron. The (DD∗ + c.c.) is another possibility, which
has perhaps been seen in the Belle data [4]. This light–light effect also contributes
to the inner dynamics of hadrons with two or more light quarks.

In Sec. 5, we shall speculate about the role of an additional meson exchange
interaction at the quark level, as in Ref. [9,10]. Only the residual interaction be-
tween light-flavour quarks is admitted to be significant. Accordingly, such an in-
teraction, rescaled from the nucleon–nucleon interaction can increase the binding
the two interacting mesons.
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3 Phenomenological models

Several attempts have been made to build potentials that describe simultane-
ously meson and baryon masses, with a suitable ansatz for going from the quark–
antiquark to the quark–quark case [11]. Some models were even extended from
the heavy to the light quark sector [12] and can be applied to systems such as
charmed mesons and double charm baryons and tetraquarks.

For the sake of the discussion, we consider explicitly the potential of Bhaduri
et al. [12] and the AL1 potential [13], the parameters of which include constituent-
quark masses, the string tension of a linear confinement, the strength of the Cou-
lomb interaction, and the strength and size parameters of the hyperfine interac-
tion which is a smeared contact term. The Hamiltonian reads

H =
∑

i

mi +
∑

i

p2i
2mi

−
(
∑
i pi)

2

2
∑
imi

+
∑

i<j

[V`(rij) + Vc(rij) + Vh(rij)] ,

V`(rij) = −
3

16
λci · λcj (arij − b) , Vc(rij) = −

3

16
λci · λcj

κ

rij
, (4)

Vh(rij) = −
3

16

κ

mimjr
2
0

exp(−rij/r0)

rij
λci · λcj σi · σj .

In the case of AL1, the smearing parameter r0 depends on the reduced mass of
the quark pair.

4 Double charm baryons

An extensive study of the double-charm baryons has been performed by Fleck
and Richard [14] and a review of the situation at that time can be found in Refs.
[15,16]. This has been followed by other potential model studies, as for example,
Ref. [13]. These studies suggest that the ground state Ξ++

cc (ccu) and Ξ+
cc(ccd) have

a mass around 3.6 GeV (for more examples, see Ref. [17]). In a more recent work
[18] an effective scale-dependent strong-coupling constant which distinguishes
between qq, cq and cc pairs has been used to calculate the spectrum of double
charmed baryons, but the ground state of Ξ+

cc(ccd) was fitted to the SELEX data
[1,2] at 3520 MeV. Double-charm baryons have also been investigated in lattice
QCD. Predictions for masses and spin splittings were made in lattice nonrela-
tivistic quenched QCD calculations [19,20] prior to the SELEX experiment. Re-
cently, quenched lattice calculations with exact chiral symmetry [21] showed an
agreement with the published SELEX data [1,2]. There are also studies based on
an effective field theory Lagrangian approach adequate for heavy quarks [22].

In Table 1, preliminary estimates of the masses from the Bhaduri et al. po-
tential [12] are compared with the experimentally known masses. The results are
shown without and with hyperfine interaction. For single charm baryons we use
PDG data [23] and for the confirmed double charm baryon the SELEX data [1].
Note that the spin and parity are quark model predictions, not determined ex-
perimentally so far, even for single charm baryons. Our estimate is made with
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Table 1. The baryon masses (in MeV) obtained obtained from the Bhaduri et al. [12] model,
without and with hyperfine interaction Vh, compared to the experimental values, from
PDG [23] for single charm and from SELEX data [1] for double charm baryons.

Content without Vh with Vh Exp.
2332 (1/2+) Λc(2285)

cqq 2500 2500 (1/2+) Σc(2455)

2568 (3/2+) Σc(2520)

ccq 3693 3643 (1/2+) Ξ+
cc(3520)

3724 (3/2+) ?

the powerful method of Kamimura et al. [24]. So far, we have used a small num-
ber of terms in the Gaussian expansion. A better calculation with a larger basis
will be presented elsewhere.

The mass of (ccd)(1/2+) is found around 3.6 GeV, consistent with several
previous constituent quark model calculations [17] and lattice results [19,20].
Note that the hyperfine splitting of (1/2)+ and (3/2)+ states is about 80 MeV,
similar to most quark model studies and lattice calculation results, but at variance
with the 24 MeV splitting of Ref. [18], which seems to be anomalously small.

5 Tetraquarks

An understanding of baryons with two heavy quarks could make it possible to
better extrapolate towards tetraquarks with double heavy flavour [25,26]. Let us
consider the tetraquarks with open charm ccq̄q̄ which have been extensively
studied in the framework of the Bhaduri et al. potential [12] or in some of its
improved versions [13].

Table 2 displays the binding energy ∆E = M(ccq̄q̄)−Mth of the lowest state
having spin S = 1 and isospin I = 0 calculated with the Bhaduri et al. potential
and with the AL1 potential. The masses were obtained with two different numer-
ical methods. The threshold mass is Mth = M(D) +M(D∗).

Table 2. The I = 0, S = 1 tetraquark binding energy (in MeV) ∆E = M(ccq̄q̄) − Mth,
where the threshold massMth is calculated with the same model.

Potential Bhaduri et al. AL1
Silvestre-Brac & Semay [27] 19 11

Janc & Rosina [28] −0.6 −2.7

The tetraquark with spin S = 1 and isospin I = 0 appears unbound in
Ref. [27], where the four-body problem is solved by an expansion in a harmonic-
oscillator basis up to N = 8 quanta. However, it is bound in the calculations by
Janc and Rosina [28], who used a multi-channel variational basis, as presented in
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Ref. [29], by including, in particular, meson–meson type of asymptotic channels.
It was already noted in Ref. [30] that the meson–meson configurations are impor-
tant when the stability limit is approached. On the other hand, using the mass
of 3520 MeV for ccu/ccd from SELEX the mass of the tetraquark ccūd̄ becomes
about 3905 MeV i. e. some 35 MeV above the D + D∗ threshold [26], consistent
with earlier estimates [25].

The picture of a “two-meson” state in tetraquarks also emerges from recent
SU(3) lattice QCD calculations [31]. There it is seen as a flux-tube recombination,
known as “flip-flop”, when a quark and antiquark are near each other. The exten-
sion to pentaquarks has been considered in a more recent calculation [32].

There are several ways to increase the binding, all related to long-range forces.
One concerns the confinement potential. The common assumption is that the con-
finement is two-body, although this is too a simplified picture in the light of lattice
calculations [31]. It has been suggested that a three-body confinement interaction
can be introduced as a colour operator via the cubic invariant of SU(3) [33]. This
is a pure algebraic approach, without an underlying physical picture, so far. It
can produce an increase of the binding, depending on the sign and strength of
the three-body interaction [28].

6 Perspectives

It is remarkable that stable tetraquarks are predicted from Hamiltonians adjusted
to 2- and 3-body systems and applied to 4-body systems. If the (ccq̄q̄) state exits,
it will be accessible to ongoing and future experiments.

The prediction deserves further investigation and the natural question is
whether or not the stability survives changes in the basic assumptions. This is
the aim of our present and future study. Several questions can be raised, for in-
stance:

• are the relativistic effects important, are they more important in tetraquarks
than in mesons and baryons?

• is the interaction between quarks pairwise?
• in the case of a two-body interaction is the λci · λcj operator appropriate to

describe the colour dependence?
• is the linear parametrisation of the confinement adequate?
• do we need to introduce asymptotic-freedom type of correction to the strength
κ of the Coulomb term?

• is the chromomagnetic interaction Vh ∝ λci · λcj σi · σj realistic enough to
describe hyperfine effects?

• do results on stability depend strongly on the assumed regularisation of the
hyperfine interaction?

• does a tensor type interaction increase the binding in tetraquarks?

In addition to these questions, it seems crucial to us to investigate the role
of the light–light effect mentioned in the introduction. This is required by chi-
ral dynamics as well as by empirical evidence. An observation is that in sim-
ple quark models, it is difficult to accommodate simultaneously light and heavy
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hadrons. Also a long-range hadron–hadron exists, if both hadrons contain light
quarks. This suggests to introduce a residual interaction of meson-exchange type,
admitted to be significant only between light quarks. This pedestrian way of
implementing chiral symmetry at the quark level leads to interesting predic-
tions. According to Refs. [9,10], the contribution of light pairs represents a frac-
tion of the nucleon-nucleon interaction, so it can be obtained by rescaling the
nucleon-nucleon interaction to the corresponding hadron–hadron system. In par-
ticular, the Ξcc − Ξcc interaction includes a pion exchange component. Although
its strength is only a fraction of the nucleon–nucleon interaction, 1 a deuteron-like
bound state is likely to exist between double charm baryons because the kinetic
energy has a less repulsive effect in Ξcc−Ξcc than inNN, as a consequence of the
large mass of Ξcc.

By analogy, we expect that in a (ccq̄q̄) system the q̄q̄ pair should bring an
extra attraction like in Ξcc - Ξcc, and possibly lead to stable tetraquarks against
strong decays.

In the future we plan to estimate the contribution of the light pairs of quarks
to the mass of ccq̄q̄ from a realistic nucleon-nucleon interaction, as for example
the Paris potential [34].

The (ccq̄q̄) state has the unique feature to combine the heavy–heavy and
light–light effects which are absent in its dissociation products, and hence offers
the best possibility for multiquark binding.
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Universitätsplatz 5, A-8010 Austria

Abstract. In this contribution we address the calculation of electromagnetic and axial nu-
cleon form factors within a relativistic constituent quark model. We show and discuss
results for elastic form factors obtained in the point and instant forms within a spectator
model for the current operator.

1 Introduction

Quantum chromodynamics (QCD) is nowadays accepted as the fundamental the-
ory of strong interactions. However, it still cannot (yet) be solved — accurately
enough — in the low-energy domain. Therefore, for the description of low-energy
hadron properties one has developed effective (field) theories and/or effective
models. A promising approach is offered by constituent quark models (CQMs).
These can be constructed so as to take into account the relevant properties of QCD
in the low-energy regime, notably the consequences of the spontaneous breaking
of chiral symmetry. At the same time the requirements of special relativity are
incorporated by adhering to the framework of Poincaré-invariant quantum me-
chanics [1].

It relies on a relativistically invariant mass operator with the interactions in-
cluded according to the Bakamjian-Thomas construction [2], thereby fulfilling all
the required symmetries of special relativity. That means that a representation of
the Poincaré-group on the Hilbert-space with a finite number of degrees of free-
dom is established. There are three main different forms of dynamics [3] which
are specified through the interaction going into different sets of generators. The
other generators which are not affected by the interaction are called kinematic
and generate a subgroup of the Poincaré-group, the so-called stability group.
In this contribution we only consider the point and instant forms. In the point
form the stability group is the Lorentz group, i.e., all rotations and boosts, while
all four components of the momentum operator (generating the translations in
space-time) are dynamical. In the instant form the stability group is the three-
dimensional Euclidean group, i.e., all spatial rotations and translations, while the
generators of the boosts and the 0-component of the momentum operator are
dynamical. The Bakamjian-Thomas construction must therefore be different for
point form and instant form. For both cases we can, however, adopt the same
invariant mass operator, leading to the same spectrum.
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In this contribution we consider a constituent quark model where the in-
teraction relies on the exchange of Goldstone bosons between the constituent
quarks [4]. Its dynamics was motivated by the idea that at low energies the domi-
nant QCD degrees of freedom are furnished by constituent quarks and Goldstone
bosons. The so-called Goldstone-boson-exchange (GBE) CQM for baryons relies
thus on the mass operator

3∑

i=1

√
ki 2 +m2i +

3∑

i<j=1

[Vconf(ij) + Vhf(ij)] . (1)

The first term represents the free mass operator of three particles, where ki and
mi are the three-momenta (fulfilling the restriction

∑
ki = 0) and masses of the

constituent quarks, respectively. The confinement potential Vconf(ij) is taken in
linear form. The hyperfine interaction Vhf(ij) consists of the spin-spin part of the
exchange of octet and singlet pseudoscalar bosons (mesons). The spectra for light
and strange baryons are found by solving the eigenvalue problem

M|ΨB〉 = mB|ΨB〉, (2)

where |ΨB〉 is the eigenstate of all 4 components of the momentum operator Pµ

with eigenvalues pµB and mB =
√
p
µ
BpBµ is the mass eigenvalue of a baryon B.

Electromagnetic and axial form factors are obtained from matrix elements of
current operators

〈Ψ ′
B ′ |Jµ(0)|ΨB〉, 〈Ψ ′

B ′ |Aµ(0)|ΨB〉. (3)

Here B and B ′ can be the same for elastic form factors or different for inelastic
form factors. The meaning of Ψ ′ is that for B = B ′ the momenta, spin projections
and isospin-projections can be different. For all explicit calculations one must find
a representation of the eigenstates in basis states

|p1, σ1;p2, σ2;p3, σ3〉 = |pi, σi〉 (4)

of the Hilbert space where for a moving baryon
∑

pi 6= 0. Due to the different
character of boosts in point and instant forms these representations are different.
We do not go into the details here but sketch only the crucial point. In both cases a
separation of the internal motion and the motion of the total baryon is possible. In
the point form all four components of the momentum operator are dynamical but
the four-velocity operator Vµ = Pµ/M is kinematic and both, the baryon states
and the basis states, are eigenstates of Vµ. Thus the representation of the baryon
state in point form is given by

〈pi, σi|ΨB〉 ∼ δ(v − vB)ψB, (5)

with vµ =
∑
p
µ
i /
√

(
∑
pi)µ(

∑
pi)µ and vµB = p

µ
B/mB. In the instant form, on the

other hand, the baryon states and the basis states are eigenstates of the spatial
components of the momentum operator. Thus the representation of the baryon
state in instant form is given by

〈pi, σi|ΨB〉 ∼ δ
(∑

pi − pB

)
ψB. (6)



34 R.F. Wagenbrunn

In both cases ψB is the internal wave function depending on the restricted mo-
menta ki which is found by solving the mass eigenvalue equation. Due to the
different δ-functions, however, the relations between the ki and the pi are differ-
ent in point and instant form.

For the current operator we employ a spectator model where two constituent
quarks are spectators (here two and three, the two other cases are taken into ac-
count by a factor three, noting the total symmetry of the wave function)

〈p ′
i, σ

′
i|J
µ(0)|pi, σi〉 = 3N〈p ′

1, σ
′
1|J
µ

[1]
(0)|p1, σ1〉2E2δ(p ′

2 − p2)2E3δ(p
′
3 − p3) (7)

and analogously for the axial current. The electromagnetic current for the struck
quark can be defined as

〈p ′
1, σ

′
1|J
µ

[1]
(0)|p1, σ1〉 = e1ū(p ′

1, σ
′
1)

[
f1(Q

2)γµ + i
f2(Q

2)

2m1
σµνqν

]
u(p1, σ1). (8)

Here e1 is the charge and the functions f1,2 are the Dirac and Pauli form factors
of the constituent quark. They depend on Q2 = −qµqµ with the momentum
transfer qµ = p ′µ

B ′ − p
µ
B on the baryon. It is important to notice that qµ 6= p ′µ

1 −

p
µ
1 = q̃ in either of the forms at least for one of the components µ = 0, 1, 2 or 3.

The axial current for the struck quark can be defined as

〈p ′
1, σ

′
1|A

µ
a|p1, σ1〉 = ū(p ′

i, σ
′
i)

[
gA(Q2)γµ +

2fπ

Q2 +m2π
gπq(Q

2)qµ
]
γ5
τa

2
u(pi, σi).

(9)
Here a indicates the isospin component, fπ and mπ are the pion decay constant
and mass, and the functions gA and gπq are the axial form factor of the con-
stituent quark and the Q2-dependent pion-quark coupling strength. The factor
N has to be introduced in the point form only in order to reproduce the correct
charge of the proton. We chose the form

N =

(
mB ′mB∑
ω ′
i

∑
ωi

) 3
2

, (10)

whereωi =

√
k2i +m2i andω ′

i =

√
k ′2
i +m2i . Some discussion on this factor will

be given later, see also [5,6].
In the calculations in the point form spectator model (PFSM) [40–42] we as-

sumed f1(Q2) = 1, f2(Q2) = 0, gA(Q2) = 1, and g2πq(Q2)/(4π) = 0.67, i.e.,
there are no explicit constituent quark form factors or anomalous magnetic mo-
ments. The value for gπq(Q2) was taken according to the parametrization of the
pion-exchange potential in the mass operator of the GBE CQM. In that respect
the results were obtained as direct predictions, i.e., without further parameters
beyond those of the constituent quark model fixed already for the description of
the baryon spectra. In figure 1 we show results for the electromagnetic form fac-
tors of proton and neutron and the axial form factor of the nucleon. The PFSM
results are represented by the dashed lines. In contrast to the definition above in
the pion-pole term of the axial current q̃ and Q̃2 = −q̃µq̃µ instead of qµ and Q2
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Fig. 1. Electromagnetic and axial form factors for the GBE CQM. In the top and central
plots we show the electric and magnetic form factors of the proton (left) and the neutron
(right), and in the bottom plots the ratio GpE(Q2)/G

p
M(Q2) (left) and the axial nucleon

form factor (right). The dashed lines are the PFSM results and the solid and dash-dotted
lines are the IFSM results with and without constituent quark form factors and anomalous
magnetic moments, respectively. For comparison the results for a nonrelativistic impulse
approximation are also shown by the dotted lines. Data for electromagnetic form factors
are from [7]–[37], for the axial form factor dipole shapes according to [38,39] are assumed.
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was used in ref. [42]. The pion pole term only affects the induced pseudoscalar
form factor, which we do not discuss in this contribution. For all form factors
a rather reasonable agreement with the data is achieved within the PFSM. The
PFSM results are very different from those obtained within a completely non-
relativistic impulse approximation (NRIA), which is represented by the dotted
lines in figure 1. The dash-dotted lines in figure 1 are the Breit frame IFSM results
obtained as for the PFSM without constituent quark form factors or anomalous
magnetic moments [43]. For the electric form factors they are closer to the NRIA
than to the PFSM results. For the magnetic form factors the Q2 dependence is
also similar as for the NRIA but the values atQ2 = 0, i.e., the magnetic moments,
differ considerably from the values obtained in the PFSM and the NRIA and are
about half of the size of the experimental values. The IFSM result for ratio of the
electric to the magnetic proton form factor becomes greater than one opposite to
the experimental findings. The axial charge in the IFSM is exactly the same as for
the PFSM since it does not depend on the boosts but again theQ2 dependence of
the axial form factor is similar to the NRIA. The only way of describing the data
within the IFSM is to introduce electromagnetic and axial form factors of the con-
stituent quarks themselves (as was alos done in other models [44,45]). The solid
lines in figure 1 show results with a simple parametrization

fu1 (Q2) =

(
1 +

Q2

0.465 GeV2

)−1

, (11)

fu2 (Q2) = 0.656

(
1+

Q2

1.155 GeV2

)−2

, (12)

fd1 (Q
2) =

(
1 +

Q2

0.384 GeV2

)−1

, (13)

fd2 (Q
2) = 0.767

(
1+

Q2

1.022 GeV2

)−2

, (14)

g
q
A(Q2) = 1.1

(
1 +

Q2

0.49 GeV2

)−1

. (15)

These form factors introduce also anomalous magnetic moments and an axial
charge different from one for the constituent quarks. In that way an agreement
with the data of similar quality as for the PFSM can be achieved for the IFSM.
In particular the parameters have been chosen such that the experimental values
for charge radii and magnetic moments of proton and neutron, as well as for the
nucleon axial charge and radius are reproduced. On the other hand the result for
the electric proton form factor falls off a little too fast with this parametrization.
By introducing more fit parameters an even better agreement with the data could
be found.

In the PFSM model the role of the normalization factor (10) has to be clari-
fied. It is connected to momentum conservation or equivalently to translational
invariance [5]. The momentum conservation of the total system gives rise to a
δ-function of the difference of the sums of momenta of all incoming and of all
outgoing particles in the corresponding transition amplitude. On the level of the
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constituents the momentum conservation is violated, however. One could intro-
duce a new δ-function depending on some effective momenta (called q̃). The re-
lation between the two δ-functions must then somehow lead to the appearance
of the normalization factor. We can reasonably motivate a normalization factor in
the PFSM for elastic processes at zero momentum transfer of the form

N =

(
mB∑
ωi

)3
. (16)

For inelastic processes and/or nonzero momentum transfers we keep this expres-
sion but symmetrize with respect to incoming and outgoing states which yields
just eq. (10). It turns out that the electromagnetic PFSM current does not explicitly
violate current conservation for elastic form factors with a symmetric choice, i.e.,
it fulfills

qµ〈Ψ ′
B|Jµ(0)|ΨB〉 = 0 (17)

in all frames. In the Breit frame eq. (17) requires 〈Ψ ′
B(Breit)|J3(0)|ΨB(Breit)〉 = 0,

which is also demanded by time reversal properties of the electromagnetic cur-
rent (see for example [46]). However, we stress that eq. (17) is a necessary but not
a sufficient condition for current conservation. Indeed it turns out that for elec-
tromagnetic transitions current conservation is violated with the PFSM current
as defined above. The electromagnetic PFSM current operator must therefore be
supplemented with some additional many-body current. It is important to no-
tice, however, that the PFSM current cannot be a pure one-body current but has
a many-body character by itself since q̃ and the normalization factor N depend
on the momenta of all three constituent quarks of the incoming and outgoing
baryons. This means also that it could effect some Q2-dependence in the baryon
form factor taking the role of constituent quark form factors. All together we em-
phasize that the PFSM current must not be interpreted as a one-body current of
point-like constituents. How it can be furnished with additional terms to become
a conserved conserved current operator requires further studies.

The IFSM results have been calculated in the Breit frame. Since in the in-
stant form the boosts are dynamical, the results for the form factors in the respec-
tive IFSM are frame dependent. The matrix elements for the elastic electromag-
netic form factors in the Breit frame are consistent with current conservation (i.e.,
〈Ψ ′
B(Breit)|J3(0)|ΨB(Breit)〉 = 0) while in any other frame the IFSM current ex-

plicitly violates current conservation. Thus in such a frame one must add some
additional current to restore current conservation. As long as there is no unique
way how to do this the electric form factors which are related to the longitudi-
nal components of the current cannot be extracted uniquely in that case. Thus it
is reasonable to calculate elastic form factors in the Breit frame. We have not yet
studied transition form factors in the IFSM. Maybe it is always possible to find
a unique frame where the spectator current is consistent with current conserva-
tion which then can be taken for the most reasonable determination of the form
factors. Since there is no normalization factor necessary in the IFSM the current
can be closer related to the microscopic picture of a one-body current. However,
also in the instant form the zero component of the momentum delivered to struck
quark differs from that delivered to the baryon as a whole, i.e., q0 6= q̃0.
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The very different results of PFSM and IFSM with seemingly analogous cur-
rents for point-like constituent quarks may come due to the normalization factor
in the PFSM. A concrete physical picture of this factor is required in order to un-
derstand the PFSM results and to judge whether their surprisingly close agree-
ment with the data for the elastic electromagnetic and axial nucleon form factors
is by chance or has some physical meaning. Furthermore only when one under-
stands the starting point one can seriously think about adding additional many-
body currents (like meson exchange currents in the GBE CQM) to the spectator
current.
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Abstract. In this talk I report on a thorough comparison between the bound state and rigid
rotator approaches to generate baryon states with non–zero strangeness in chiral soliton
models. This comparison shows that the two approaches are equivalent in the large NC
limit and that the prediction of pentaquark states is not an artifact of the rigid rotator
approach. The comparison also paves the way to unambiguously compute the width of
the Θ+ pentaquark in chiral soliton models.

1 Introduction

In this talk I have discussed two issues regarding pentaquarks in chiral soliton
models. First I have reviewed the relation between exotic five–quark states and
radial excitations. In particular I have explained that the wave–functions of the
crypto–exotic partners of the pentaquarks have significant admixture of radial
excitations of the ordinary baryons and that this may have significant impact on
transition magnetic moments. I have extensively described that issue before [1]
and will abstain from repeating it in these proceedings. Rather, I will focus on
the second topic of my talk which deals with potential differences between the
bound state and rigid rotator approaches (BSA and RRA, respectively) to generate
baryon states with non–zero strangeness from the classical soliton; two seemingly
different treatments of the same model. It has previously been argued that the
prediction of pentaquarks, i.e. exotic baryons with strangeness S = +1, would
be a mere artifact of the RRA [2]. A major result of the investigation presented
in this talk is that pentaquark states do indeed emerge in both approaches. This
comparison furthermore shows how to unambiguously compute the width of
pentaquarks. That computation differs substantially from previous approaches
based on assuming pertinent transition operators for Θ+ → KN [3,4]. Details of
these studies and an exhaustive list of relevant references are contained in the
recent paper [5] in collaboration with Hans Walliser.

The qualitative results, on which I focus, are model independent while quanti-
tative results may be quite sensitive to the model parameters and/or the actual
form of the chiral Lagrangian. For simplicity, our calculations in ref. [5] have been
performed in the Skyrme model Lagrangian augmented by the Wess–Zumino
and the simplest flavor symmetry breaking terms. The latter parameterizes the
kaon–pion mass difference. Chiral soliton calculations are organized in powers of
NC, the number of colors and hidden expansion parameter of QCD. The leading



Soliton picture for pentaquarks 41

contribution is the classical soliton energy, Ecl = O(NC). The reported calcula-
tion is complete to O(N0C), allows to separate the resonance contribution in the
kaon–nucleon scattering amplitude and provides insight in 1/NC corrections.

2 Small amplitude vs. collective coordinate quantization

I start with phrasing the problem by briefly reviewing the two popular approa-
ches to generate baryon states with strangeness S = ±1 from a soliton configu-
ration. Chiral soliton models are in general functionals of the chiral field, U, the
non–linear realization of the pseudoscalar fields. Starting point in these consider-
ations is the classical soliton, i.e. the hedgehog embedded in the isospin subgroup
of flavor SU(3),

U0(x ) = exp [iτ · x̂F(r)] , r = |x | (1)

parameterized by the three Pauli matrices τi. The essential issue, however, is the
treatment of the strange degrees of freedom, the kaons.

The ansatz for small amplitude quantization of kaon modes, known as BSA,
reads

U(x , t) = A2(t)
√
U0(x ) exp

[
i

fπ

7∑

α=4

λαηα(x , t)

]
√
U0(x )A

†
2(t) , (2)

where λα are Gell–Mann matrices of SU(3). The fluctuations ηα are treated as
small amplitude fluctuations in harmonic approximation. The pion decay con-
stant, fπ is O(

√
NC). Hence this harmonic expansion is complete at O(N0C). Sub-

leading contributions may be substantial but they are not under control in the
BSA. The dynamical treatment of the collective coordinates, A2 ∈ SU(2) for the
spin–isospin orientation of the soliton adds some of them. Quantization of both
η and A2 results in the mass formula

MS = Ecl +ωS +
1

2Θπ
[cSJ (J + 1) + (1 − cS) I (I+ 1)] + O

(
η4
)
. (3)

for strangeness S = ±1 baryons. Here J and I are the spin and isospin quan-
tum numbers of the considered baryon, respectively. The parameters in eq. (3)
can be approximated as functionals of the chiral angle, F(r) and are conveniently
described by defining ω0 = NC

4ΘK
,

ω± =
1

2

[√
ω20 +

3Γ

2ΘK
±ω0

]
and c± = 1 −

4Θπω±
8ΘKω± ∓NC

. (4)

The difference between ω+ and ω− originates from the Wess–Zumino term. Ex-
plicit expressions for the moments of inertiaΘπ (rotation in coordinate space) and
ΘK (rotations in SU(3) flavor space) as well as the symmetry breaking parameter
Γ (proportional to m2K −m2π) may be traced from the literature [5]. They are all
O(NC).

The second approach treats the kaon modes purely as collective excitations
of the classical soliton, eq. (1). These collective modes are maintained to all orders
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and quantized canonically. The ansatz for this so–called rigid rotator approach
(RRA) reads

U(x , t) = A3(t)U0(x )A
†
3(t) with A3(t) ∈ SU(3) . (5)

This parameterization describes only a limited number of soliton excitations,
those that arise as a rigid rotation of the classical soliton. Though generating con-
tributions of O(N0C) to baryon masses it is not complete at this order, e.g. S–wave
excitations are not accessible. However, since the rigid rotations are treated to
any order, they may account for significant subleading effects on the low–lying
P–wave baryons. From the ansatz, eq. (5) the Hamiltonian for the collective coor-
dinates is straightforwardly derived. The corresponding baryon spectrum is the
solution to the eigenvalue problem (Dab = 1

2
tr[AλaA†λb])

{(
1

2Θπ
−

1

2ΘK

)
J(J + 1) +

7∑

a=1

R2a
2ΘK

+
Γ

2
(1 −D88)

}
Ψ = EΨ , R8Ψ =

NC

2
√
3
Ψ ,

(6)
in each spin–isospin channel. The Ra denote the (intrinsic) SU(3) generators con-
jugate to the collective rotations A3 ∈ SU(3). This eigenvalue problem is (nu-
merically) exactly solved for arbitrary (odd) NC and symmetry breaking Γ by
generalizing the techniques of ref. [6]. The spectrum is then determined by the
eigenvalues E . In the flavor symmetric case the eigenstates are members of SU(3)

representations. For NC = 3 those are the octet and the decuplet for the low–
lying J = 1

2
and J = 3

2
baryons, respectively. Also low–lying are states in the

anti–decuplet. The probably lowest mass state in the anti–decuplet is theΘ+ pen-
taquark. For arbitraryNC the condition on R8 alters the allowed SU(3) represen-
tations and the inclusion of flavor symmetry breaking leads to mixing of states
from different representations. These effects are incorporated in the numerical so-
lution. In figures 1 and 2 I compare the spectra for the low–lying P–wave baryons
obtained from eqs. (3) and (6) as functions ofNC.

Obviously the two approaches yield identical results as NC → ∞, as they
should. This is the case for the ordinary hyperons and the pentaquarks. Figure 2
also shows that even with flavor symmetry breaking included, the ∆–nucleon
mass difference is O(1/NC) in contrast to what is stated in ref. [7].

3 Constrained fluctuations and Θ+ width

The above observed identity between BSA and RRA in the large NC limit has a
caveat. Though ω− < mK corresponds to a true bound state, ω+ is a continuum
state. Thus, a pronounced resonance structure is expected in the corresponding
phase shift. However, that is not the case, as indicated in the left panel of figure 3.
The computed phase shift hardly reachesπ/2 rather then quickly passing through
this value. This has been used to argue that pentaquarks are a mere artifact of the
RRA [2]. However, the ultimate comparison requires to generalize the RRA to the
rotation–vibration approach (RVA)

U(x , t) = A3(t)
√
U0(x ) exp

[
i

fπ

7∑

α=4

λαη̃α(x , t)

]
√
U0(x )A3(t)

† . (7)
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Fig. 1. Mass differences at O(N0C) computed within the bound state and rigid rotator ap-
proaches (BSA and RRA, respectively) in the Skyrme model as functions of NC. In the
RRA they are the corresponding differences of the eigenvalues in eq. (6) while in the BSA
they are extracted from eq. (3). Left panel ∆S = −1; right panel ∆S = +1.
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Fig. 2. Mass differences at O(1/NC) computed in the Skyrme model as functions of NC.
Left panel: baryons with strangeness S = 0, 1; right panel S = −1. See also caption of
figure 1.

Modes that correspond to the collective rotations must be excluded from the
fluctuations η̃, i.e. the fluctuations must be orthogonal to the zero–mode z(r) ∼

sin
(
F(r)

2

)
. Imposing the corresponding constraints for these fluctuations (and

their conjugate momenta) yields integro–differential equations listed in ref. [5].
For the moment let’s omit those effects on η̃ that originate from the exchanges
of collective excitations. This truncation defines the background wave–function
η (also orthogonal to the zero mode). Treating η as an harmonic fluctuation pro-
vides the background phase shift shown as the blue curve in the right panel of
figure 3. Remarkably, the difference between the phase shifts of η and η exhibits a
clear resonance structure. It is the resonance phase shift to be associated with the
Θ+ pentaquark in the limit NC → ∞.
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There is actually an even more convincing computation of this resonance
phase shift. In contrast to the parameterization, eq. (2) the ansatz, eq. (7) yields
an interaction Hamiltonian that is linear in the fluctuations, generating Yukawa
couplings between the collective soliton excitations (eigenstates of eq. (6)) and the
background fluctuations (η). In ref. [5] we have derived this Hamiltonian keeping
all contributions that survive asNC → ∞. The corresponding Yukawa exchanges
extend the integro–differential equations for η by a separable potential, therewith
providing the equations of motion for η̃ [5]. When treated in an R–matrix for-
malism on top of the constrained fluctuations η, this separable potential exactly
yields the resonance phase shift shown in figure 3 when the Yukawa coupling is
computed for NC → ∞. Moreover, in that limit the equation of motion for η̃ is
solved by η̃ = η− az with a = 〈z|η〉 [5]. Here η is the unconstrained small ampli-
tude fluctuation of the BSA, eq. (2). The phase shifts extracted from η and η̃ are
identical because z(r) is localized in space.
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Fig. 3. Phase shift computed in the BSA (left panel) and resonance phase shift after removal
of the background contribution in the RVA (right panel). Note the different scales.

Thus the BSA and RVA yield the same spectrum and are indeed equivalent
in the large NC limit. But, the RVA provides a distinction between resonance
and background contributions (η̃ vs. η) to the scattering amplitude. Hence pen-
taquarks are no artifacts of the collective coordinate approach. They are also pre-
dicted by the BSA; just well hidden. On top of that, the RVA is suitable to obtain
finite NC corrections to the BSA for the properties of Θ+.

Though these general results are model independent, the numerical results
for the masses and the widths of pentaquarks are not. The predictions may suf-
fer from subleading 1/NC contributions that can only be roughly estimated. For
example, in the case mK = mπ the mass difference with respect to the nucleon
increases by a factor two fromω0 to (NC+3)/4ΘK forNC = 3. In the realistic case
withmK 6= mπ this mass difference is obtained from solving the eigenvalue prob-
lem, eq. (6). Furthermore, the resonance (extracted from the comparison between
η̃ and η) becomes sharper as NC < ∞ [5].
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The above mentioned separable potential provides the general expression for

the width as a function of the kaon energy ωk =

√
k2 +m2K from the R-matrix

formalism [5]

Γ(ωk) = 2kω0

∣∣∣∣ XΘ
∫∞

0

r2dr z(r)2λ(r)ηωk
(r)

+
YΘ

ω0

(
m2K −m2π

) ∫∞

0

r2dr z(r)ηωk
(r)

∣∣∣∣
2

. (8)

Here ηωk
(r) is the P–wave projection of the background wave–function η for a

prescribed energy ωk =

√
k2 +m2K. Furthermore λ(r) is a radial function that

stems from the Wess–Zumino term. The matrix elements of the collective coordi-
nate operators that enter in eq. (8) (D±a = D4a ± iD5a)

XΘ :=

√
32

NC
〈Θ+|

7∑

α,β=4

d3αβD+αRβ|n〉 , (9)

YΘ :=

√
8NC

3
〈Θ+|

7∑

α,β=4

d3αβD+αD8β|n〉 (10)

approach unity as NC → ∞ in the flavor symmetric case. In general they are
computed from the eigenstates of the collective coordinate Hamiltonian, eq. (6).
The resulting width is shown forNC = 3 in figure 4 for the flavor symmetric case
and the physical kaon–pion mass difference.
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Fig. 4. Model prediction for the decay width, Γ (ω) of Θ+ for NC = 3 as function of the
kaon momentum k =

p

ω2 −m2K, cf. eq. (8). Top:mK = mπ, bottom:mK 6= mπ.

As function of momentum, there are only minor differences between these
two cases. Assuming the observed resonance to be the (disputed [8]) Θ+(1540) a
width of roughly 40MeV is read off from figure 4 [5].
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4 Conclusion

In this talk I have presented a thorough comparison [5] between the bound state
(BSA) and rigid rotator approaches (RRA) to chiral soliton models in flavor SU(3).
For definiteness I have only considered the simplest version of the Skyrme model
augmented by the Wess–Zumino and symmetry breaking terms. However, this
analysis merely concerns the treatment of kaon degrees of freedom. Therefore
the qualitative results are valid for any chiral soliton model.

A sensible comparison with the BSA requires the consideration of harmonic
oscillations in the RRA as well. They can indeed be combined to the rotation–
vibration approach (RVA), however constraints must be implemented to ensure
that the introduction of such fluctuations does not double–count any degrees of
freedom. The RVA then clearly shows that the prediction of pentaquarks is not
an artifact of the RRA, pentaquarks are genuine within chiral soliton models.
Only within the RVA chiral soliton models generate interactions for hadronic
decays. Technically the derivation of this Hamiltonian is quite involved, how-
ever, the result is as simple as convincing: In the limit NC → ∞, in which the
BSA is undoubtedly correct, the RVA and BSA yield identical results for both
the baryon spectrum as well as the kaon–nucleon S-matrix. This equivalence also
holds when flavor symmetry breaking is included. This result is very encour-
aging as it clearly demonstrates that collective coordinate quantization is valid
regardless of whether or not the respective modes are zero–modes. Though the
large NC limit is helpful for testing the results of the RVA, taking only leading
terms in the respective matrix elements is not trustworthy.

In the flavor symmetric case the interaction Hamiltonian contains only a sin-
gle structure (XΘ) of SU(3) matrix elements for the Θ+ → KN transition. Any
additional SU(3) structure only enters via flavor symmetry breaking. This proves
earlier approaches [3,4] incorrect that adopted any possible structure that would
contribute in the large NC limit and fitted coefficients from a variety of hadronic
decays under the assumption of SU(3) relations. That treatment yielded a poten-
tially small Θ+ width from cancellations between different such structures even
in the flavor symmetric case. The study presented in this talk thus clearly shows
that it is not worthwhile to bother about the obvious arithmetic error in ref. [3]
that was discovered earlier [1,9] because the conceptual deficiencies in such width
calculations are more severe. Assuming SU(3) relations among hadronic decays
is not a valid procedure in chiral soliton models. The embedding of the classical
soliton breaks SU(3) and thus yields different structures for different hadronic
transitions. Especially strangeness conserving and changing processes are not re-
lated to each other in chiral soliton model treatments.

Even in case pentaquarks turn out not to be what recent experiments have
indicated, they have definitely been very beneficial in combining the bound state
and rigid rotator approaches and solving the Yukawa problem in the kaon sector;
both long standing puzzles in chiral soliton models.
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Abstract. The record performance of the KEKB factory is currently supplying Belle with
about 1 million BB meson pairs per day. The vast amounts of accumulated data have
helped Belle Collaboration to discover new particle states in the charm sector. Two years
ago a resonance X(3872) was discovered by Belle that does not seem to correspond to
any conventional cc̄ meson. Current analysis examined possible JPC quantum number
assignments for the X(3872). After exhaustive and detailed investigations of its proper-
ties, it seems feasible that X(3872) could represent a first known example of a two-meson
molecule. This year Belle reported observation of another possible non-conventional had-
ron, Y(3940). All that is known about it to date hints at the possibility that it may not
be a standard quark-antiquark particle, but, instead, an example of a so-called ”hybrid
meson,” which is a particle that is conjectured to be comprised of a quark, an antiquark
and a gluon. Search for pentaquarks was also performed at Belle using kaon secondary
interactions in the detector material, where the inclusive production of the Θ(1540)+ was
examined. Upper limit was set on the ratio of the Θ(1540)+ to Λ(1520) inclusive produc-
tion cross-sections.

1 Introduction

The Belle detector [1] is situated at the KEKB e+e− collider with asymmetric beam
energies tuned to the energy of the Υ(4S) resonance [2]. Its main purpose is to
explore CP violation in the decays of B mesons, but its very clean environment
with small number of particles in events due to colliding leptons, and specially
its record luminosity performance in collecting events, makes it suitable also for
other types of analysis.

One of the active sidelines of the Belle detector is also a search for new pos-
sible non-standard resonances. Such a search enables us to test the predictions of
QCD at low energies (bound states) where the running coupling constant αs is
large and QCD is in its non-perturbative regime.

Search for pentaquarks is also performed with Belle detector data. Since it
was argued that the production mechanisms for pentaquark production might
be different at different energies, we perform the search both in the B decays and
in the events where charged kaons, with typical energies of 0.5GeV, interacted
with the detector material.
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1.1 Belle detector

The Belle detector is situated at the interaction region of the e+e− beams, covering
92% of the solid angle. Several detector sub-parts enable reconstruction of tracks
and identification of particles that were produced in the collision.

The sub-detector closest to the interaction point is the Silicon Vertex Detec-
tor (SVD) and it is used to measure the primary and secondary vertices of the
produced tracks. The particle momenta are measured using the main tracking
device of the detector, the Central Drift Chamber (CDC), which is enclosed in
a superconducting solenoid, providing a homogeneous 1.5 T magnetic field. The
identification of charged particles is performed with the help of the Time of Flight
detector (TOF) and the Aerogel Cherenkov Counter (ACC), where particle veloc-
ities are measured through the Cherenkov effect. Combined information on mo-
mentum and velocity of the particle determines its mass; the efficiency for identi-
fication of charged kaons is about 85%, where the probability of mis-identification
of a pion as a kaon is less than 10%, exact performance depending on the momen-
tum and the direction of charged tracks. Electrons and photons are identified in
the Electromagnetic Calorimeter (EC), where their energy is measured. Muons
and KL candidates are detected using the KL and Muon detector (KLM).

1.2 Reconstruction of events with B mesons

The collisions of e+e− produce a qq̄ meson, where q can be any of the quarks
u, d, s, c or b. A smaller sample of data is recorded at about 60 MeV below the
mass of the Υ(4S), called continuum data, to study the effect of this continuum
(non-Υ(4S)) background on the B meson reconstruction.

The reconstruction of B decays needs to differentiate between events where
Υ(4S) was produced and events where qq̄ mesons with other quarks were pro-
duced. This is achieved by combining several observables separating the more
spherical Bmeson decays (Bmesons are produced almost at rest in the center-of-
mass system of e+e−(cms)) from the jet-like annihilation events [3].

The quality of B meson reconstruction is assessed based on the beam-const-

rained mass, Mbc =
√
E∗2beam/c

4 − p∗2B /c
2, and the energy difference, ∆E = E∗B −

E∗beam. Here E∗beam =
√
s/2 ' 5.290GeV is the beam energy in the cms, and p∗B

and E∗B are the cms momentum and energy of the reconstructed B meson. These
two variables are used instead of the invariant mass of the Bmeson, due to better
resolution. For genuine decays of the B meson the Mbc distribution has a peak at
about 5.28 GeV/c2, the mass of the meson, and ∆E peaks at zero.

To observe a resonance, such as the ones discussed in the following sections,
a significant peaking component is searched for in the distributions of the beam-
constrained mass near 5.28GeV/c2 and energy difference around zero, and the
number of events reconstructed in the resonance is obtained by fitting the Mbc
and ∆E distributions to the sum of an empirical parametrization of the back-
ground plus a signal shape.
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2 What kind of resonances are X(3872) and Y(3940)?

2.1 X(3872)

The resonance called X(3872) was discovered by the Belle collaboration in 2003 as
an enhancement in the B → Kπ+π−J/ψ decays [4] and was soon after confirmed
by three other experimental groups [5]. It was seen as a narrow peak in decays
B → π+π−J/ψK, where the particle J/ψ is reconstructed in the decays to two
leptons: J/ψ → `+`−. There are many difficulties in identifying X(3872) as a cc̄
resonance. For example, the distribution of the invariant mass of the pion pair
has a broad enhancement near the nominal ρ mass that cannot be described well
by the predicted phase space distribution, and seems to be consistent with a ρ
meson. The decay of a cc̄ meson into ρJ/ψ is isospin-violating and should be
highly suppressed, indicating that the resonance X(3872) might not be one of the
of the yet unidentified cc̄mesons. Belle collaboration therefore performed several
tests [6,7] to determine X(3872) quantum numbers J, P and C, enabling it to make
further interpretation. The observation of radiative X(3872) → γJ/ψ decays and
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Fig. 1. X(3872) → π+π− J/ψ angular distributions for data (points), and for the JPC =

0−+ hypothesis (histogram), including background estimated from the mass sidebands
(shaded). The definition of the angles is shown in the sketch on the left. The χ2 of the fits
are (a) 17.7 and (b) 34.2 for 9 degrees of freedom, disfavoring 0−+. Note the concentration
of events in the final bins, contrary to expectation.

subtreshold decays to ω∗J/ψ in X(3872) → π+π−π0J/ψ decays [6] indicate that
the C-parity of X(3872) is even.

The analysis of angular correlations of X(3872) decays [7] was used to test
different JPC hypotheses, exploiting the comparison of predicted distributions to
data in the region where the predicted distribution has zeroes [8] (an example of
such analysis is shown in Fig. 1). Such an analysis disfavored 0++ and 0+−, while
showing good agreement with the 1++ assumption. The fits to the invariant mass
distribution of the two charged pions in X(3872) → π+π−J/ψ decays favor J++
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Fig. 2. The distribution of M(π+π−) for events in the X(3872) signal region (points)
and sideband (shaded). Fits for S-wave (solid) and P-wave (dashed) hypotheses are also
shown, showing the preference for the S-wave hypothesis.

assignment (Fig. 2). The roll-off near the kinematical boundary has a different
q∗J/ψ dependence for an S wave (q∗J/ψ) compared to a P wave ((q∗J/ψ)3), yielding
a better agreement for the S wave.

To compare the 1++ and 2++ assignments, the search of decays X(3872) →
D0D

0
π0 was performed. The preliminary evidence of such decays disfavors

JPC = 2++.
We conclude that the assignment for X(3872), corresponding best to our data,

is JPC = 1++; it is unlikely, though, that X(3872) be the charmonium 1++ state
χ ′
c1. Our conclusion rests on the following facts: The χ ′

c1 mass is predicted to
be about 100MeV/c2 higher than observed, the isospin-violating decays χ ′

c1 →
π+π−J/ψ should have a very small partial width, contradictory to the measure-
ment, and the low ratio of radiative to dipion partial widths Γ(X → γJ/ψ)/Γ(X →
π+π−J/ψ) = 0.14 ± 0.05 [6], all disfavoring the χ ′

c1 interpretation.
The observed properties of X(3872) agree well with the molecular D0 −D

∗0

model proposed by Swanson [9]. The mass of the resonance is within errors con-
sistent to the sum of the masses of D0 and D

∗0
mesons: M(D0) + M(D

∗0
) −

M(X) = 0.6±1.1MeV/c2. Since the mass difference ofM(D+D∗−)−M(D0D
∗0

) =

8.1MeV/c2 is large compared to it, the isospin violation is natural for such a state,
explaining the observation of nearly equally common decays of X to 2πJ/ψ and
3πJ/ψ. The small value of Γ(X → γJ/ψ)/Γ(X → π+π−J/ψ) is also predicted by
the same model.

2.2 Y(3940)

It is natural to ask if the X(3872) resonance is the only non-standard meson can-
didate in this mass region or is there a new set of resonances with similar non-
standard properties like X(3872). A search was performed for enhancements in
the spectra of ρJ/ψ, ηJ/ψ andωJ/ψ. While the search in the first two modes was
unsuccessful, we have observed [10] an enhancement in the spectrum of ωJ/ψ
just above the threshold (Fig. 3).
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Fig. 3. The invariant mass distribution of π+π−π0J/ψ just above the threshold for ωJ/ψ,
from the B+ → K+π+π−π0J/ψ decays.

The B meson yield was obtained by a simultaneous fit to the Mbc and ∆E
distributions in bins of 25MeV/c2 in M(ωJ/ψ). The obtained yields are plotted
in Fig. 3, where the lower curve shows the expectation for the pure phase space
distribution, while the enhancement of events, present near the threshold, is fitted
using an additional Breit-Wigner function. The Breit-Wigner signal yield is found
to be 58 ± 11 events (with statistical significance above 8σ) and was interpreted
as a particle (Y(3940)) with mass M = (3943 ± 11± 13) MeV/c2 and decay width
Γ = (87± 22 ± 26) MeV.

Since the mass of Y(3940) is above theDD
(∗)

mass threshold, if this is a stan-
dard cc̄ resonance, its dominant decay should be to DD

(∗)
, while the first obser-

vation of an enhancement in a decay channel other than DD is surprising. While
its width makes it unlikely to be a tetraquark, it is a possible candidate for a
cc̄ − gluon hybrid, for which the decays to open charm are expected to be sup-
pressed or forbidden. Further analysis, determining its quantum numbers, will
help resolve its identity.

3 Pentaquark search

Belle has performed dedicated searches of some exotic states interpreted as pen-
taquarks, that were claimed to be observed in last few years [11,12]. Search was
performed in both B decays, and, to mimic the production mechanism of some of
the detectors observing pentaquarks [11], in the events where a kaon interacted
with detector material.

The search forΘ+,Θ∗++,Θ0c andΘ∗+
c was performed [13] in B decays to pro-

ton, anti-proton and a D meson or kaon, setting upper limits to ratios of branch-
ing fractions for decays proceeding over the searched exotic state to all decays
with same decay products.
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For example, for the search of B0 → pπ+Θ0c → pπ+D−p the reconstructed
∆E distribution is shown in Fig.4 (left). For events in the signal region (consisting
of 303±21 signal events) the mass of theD−p is presented in Fig.4 (right). This dis-
tribution is fitted with a phenomenological function describing the background
and a Gaussian signal, positioned at the mass of 3099MeV/c2, corresponding
to the mass of the claimed Θ0c pentaquark [12]. Since the peak of the expected
pentaquark should be narrower than the detector resolution, the width of the sig-
nal part was fixed at 3.5 MeV, the estimated detector resolution. No statistically
significant signal was found and the corresponding 90% C.L. upper limit on the
production of Θ0c relative to the B0 → pπ+D−p branching ratio is placed at

Br(B0 → Θ0cpπ
+) · Br(Θ0c → D−p)/Br(B0 → pπ+D−p) < 1.2% .
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Fig. 4. Left: ∆E distribution of B0 → pπ+D−p decays, the vertical lines flag the ∆E side-
band. Right: Invariant mass of D−p pairs for events in ∆E signal region, the background
(shaded) is estimated from the ∆E sideband. The result of the fit with a phenomenological
model function is also shown (dotted/red), while the vertical line indicates 3099MeV/c2.

In the search using interactions of charged and neutral kaons in the material
of the detector [14] the average energy of kaons is 0.5GeV, creating ”low energy”
conditions of pentaquark search similar to that of the HERMES detector [11].

The coordinates of the common vertices of identified Ksp and K±p pairs pro-
duce a ”tomographic” picture of the detector (Fig. 5, left), where the distribution
of the material in the beam pipe, ladders of SVD and the support structure of
the CDC are clearly visible), showing that such pairs correspond to secondary
reactions with the detector material.

The search is performed in M(pKS), the invariant mass of the pKS pair, by
comparing the possible signal in M(pKS) to the large signal of Λ(1520) in the
M(pK−) distribution (Fig. 5, right).
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Fig. 5. Left: Scatter plot of pK vertices in the plane perpendicular to the beam, where var-
ious elements of the detector can be seen. Right: the invariant mass distributions for the
pK− (top, with Λ(1520) peak) and pKS pairs. (bottom).

In the M(pK−) distribution the Λ(1520) peak in the M(pK−) is fitted with
a threshold function and a D-wave Breit-Wigner term, convolved with the ex-
perimental resolution (2 MeV/c2). The obtained parameters of Λ(1520) are in
agreement with the world average values [15]. The distribution for the pKS pairs
is fitted with a third order polynomial and a narrow signal, positioned at differ-
ent values of M(pKS). For M(pKS) = 1540MeV/c2, the mass of the claimed Θ+

pentaquark [11], the resulting signal yield is 58± 129 events. Assuming Br(θ+ →
pKS) = 25%, Br(Λ(1520) → pK−) = 1/2 Br(Λ(1520) → NK), and evaluating the
ratio of efficiencies for θ+ → pKS and Λ(1520) → pK− from MC, one arrives at
the upper limit for θ+ production using Feldman-cousins method [16]:

σ(KN → θ+X)

σ(KN → Λ(1520)X)
< 2.5% at 90%C.L.

This result is two orders of magnitude lower than the value reported by the HER-
MES Collaboration [11].

4 Conclusion

Recent analyses show that the Belle detector is suitable also for searches of possi-
ble new exotic particles, which can test our understanding of QCD. The determi-
nation of quantum numbers of X(3872) and the observation Y(3940) opens a new
page in exotic particle spectroscopy with exciting possibilities.

The search for pentaquarks puts Belle among the experiments with negative
search results, which seem to outnumber those claiming to have detected pen-
taquarks. The puzzle is nevertheless far from resolved yet, and Belle will try to
contribute to increasing the understanding in this field.
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Abstract. We study low lying resonances in models in which the pions linearly couple to
the quark core. We derive the coupled channel equations for pion scattering, and discuss
preliminary results for pion scattering in the Roper channel.

1 Introduction

In our previous work [1–3] we have presented a method to calculate the K-matrix
for pion scattering and electro-production in quark models with chiral mesons.
The method has several advantages over more standard methods because it al-
lows for a clear separation of the resonant part of the amplitude from the back-
ground. We have successfully applied it to the calculation of the phase shift and
electro-production amplitudes in the P33 channel.

In the present work we extend the method to cover the cases where it is nec-
essary to include two or more channels. This allows us to attack perhaps the most
intriguing among the low lying resonances – the Roper resonance. In this con-
tribution we develop the coupled channel formalism for scattering and present
some preliminary results.

2 K matrix in chiral quark models

We consider quark models in which p-wave pions couple linearly to the three-
quark core. Assuming a pseudo-scalar quark-pion interaction, the part of the
Hamiltonian referring to pions can be written as

Hπ =

∫
dk

∑

mt

{
ωk a

†
mt(k)amt(k) +

[
Vmt(k)amt(k) + V

†
mt(k)a

†
mt(k)

]}
, (1)

where a†mt(k) is the creation operator for a p-wave pion with the third compo-
nents of spin m and isospin t, and

Vmt(k) = −v(k)

3∑

i=1

σimτ
i
t (2)

? Talk delivered by B. Golli
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is the general form of the pion source, with v(k) depending on the model.
In the basis with good total angular momentum J and isospin T , in which the

K and T matrices are diagonal, it is possible to express the Kmatrix in the form[3]1

KJT (k, k0) = −π

√
ωk

k
〈ΨP
JT (W)||V(k)||ΦN〉 . (3)

The corresponding principal-value state[4] obeys

|ΨP
JT (W)〉 =

√
ω0

k0

{[
a†(k0)|ΦN〉

]JT
−

P
H−W

[V(k0)|ΦN〉]JT
}
, (4)

where [ ]JT denotes coupling to good J and T , and k0 andω0 the pion mementum
and energy.

We assume that the operator V , acting on the ground stateΦN, does not only
flip the quark spin and isospin but also excites quarks to higher spatial states. As
an example let us mention the state with the flipped spins (the bare delta) which
plays a crucial role in the formation of the ∆(1232) resonance, and the excitation
of one quark to the 2s state which is believed to be the main mechanism in the
formation of the Roper resonance.

The general form (4) therefore suggests the following ansatz in which the
states with excited quark core,ΦB, are separated from the state corresponding to
pion scattering on the nucleon. Neglecting the two-pion states we can write

|ΨJT (W)〉 =

√
ω0

k0

{
[
a†(k0)|ΦN〉

]JT

+

∫
dk

χ(k, k0)

ωk −ω0

[
a†(k)|ΦN〉

]JT
+

∑

B

cB(W)|ΦB〉
}
. (5)

The pion amplitude is related to the Kmatrix by

χ(k0, k0) =
k0

πω0
K(k0, k0) . (6)

3 Coupled channels

We have shown [3] that the above ansatz successfully describes scattering as well
as electro-production of pions in the P33 channel at lower energies. At higher en-
ergies, the two pion decay channel becomes important and cannot be neglected.
In most cases, the two pion decay proceeds through an intermediate resonance;
in the P11 channel as well as in the P33 channel this is the ∆(1232) which ac-
counts for 30 %–40 % of the width in the region of the Roper resonance and even
40 %–70 % in the region of the ∆(1600) resonance.

1 In the static approximation, k0 is uniquely related to the energy W = EN +ω0, so one
can use either k0 orW to label the states; for the on-shell Kmatrix we write K(k0, k0) =

K(W).
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In the simplest extension of the model we therefore include an additional
channel representing the pion scattering on the ∆(1232). The corresponding prin-
ciple-value state takes the form:

|Ψ∆JT (W,E)〉 =

√
ω0

k0

{
[
a†(kE)|Ψ∆(E)〉

]JT

+

∫
dk

χ∆(k, kE)

ωk −ωE

[
a†(k)|Ψ∆(E)〉

]JT
+

∑

B

cB(W,E)|ΦB〉
}
. (7)

The key point in the above ansatz is that the energy of the delta state, E, is not
fixed (e.g. to 1232 MeV) but is varied from the threshold value EN + mπ to the
maximum allowed value W − mπ. (Obviously, this channel opens at the two-
pion threshold, i.e at W = EN + 2mπ.) For simplicity we work in the static
limit in which the pion energy and momentum can be written as ωE = W − E ,

kE =
(
ω2E −m2π

)1/2
. The delta state in (7) is given by (5) except that it is now

normalized to δ(E− E ′) rather than to (1 + K∆(E)2)δ(E − E ′):

|Ψ∆(E)〉 =
1√

1 + K∆(E)2

√
ω0

k0

{[
a†(k0)|ΦN〉

]3
2

3
2

+

∫
dk

χ(k, k0)

ωk −ω0

[
a†(k)|ΦN(k)〉

] 3
2

3
2 + c∆(E)|Φ∆〉

}
. (8)

with ω0 = E− EN and k0 =
(
ω20 −m2π

)1/2.
By a straightforward extension of the formula (3) we can now write down

the K-matrix, which has two discrete indexes and one continuous index E, as

KNN(W) = −π

√
ω0

k0
〈ΦN||V†(k0)||ΨJT (W)〉 , (9)

KN∆(W,E) = −π

√
ωE

kE
〈Ψ∆(E)||V†(kE)||ΨJT (W)〉 , (10)

K∆N(W,E) = −π

√
ω0

k0
〈ΦN||V†(k0)||Ψ

∆
JT (W,E)〉 , (11)

K∆∆(W,E, E ′) = −π

√
ωE

kE
〈Ψ∆(E ′)||V†(kE ′)||Ψ∆JT (W,E)〉 . (12)

The full and the partial widths are related to the T matrix, and the phase shift
and the inelasticity to the S matrix. The T matrix is obtained from T = −K/(1 − iK)
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or T = −K+ iKT which yields the following set of integral equations:

TNN(W) = −KNN(W) + i
[
KNN(W)TNN(W)

+

∫W−mπ

EN+mπ

dEKN∆(W,E)T∆N(W,E)

]
, (13)

TN∆(W,E) = −KN∆(W,E) + i
[
KNN(W)TN∆(W,E)

+

∫W−mπ

EN+mπ

dE ′ KN∆(W,E ′)T∆∆(W,E ′, E)

]
, (14)

T∆N(W,E) = −K∆N(W,E) + i
[
K∆N(W,E)TNN(W,E)

+

∫W−mπ

EN+mπ

dE ′ K∆∆(W,E, E ′)T∆N(W,E ′)

]
, (15)

T∆∆(W,E, E ′) = −K∆∆(W,E, E ′) + i
[
K∆N(W,E)TN∆(W,E ′)

+

∫W−mπ

EN+mπ

dE ′′ K∆∆(W,E, E ′′)T∆∆(W,E ′′, E ′)

]
. (16)

From the first T matrix we deduce the phase shift δ and the elasticity η thought
the relation

S = 1 − 2iTNN(W) = η(W)e2iδ(W) . (17)

4 Solution of the coupled equations in a simplified model

To get more insight in the method let us consider a simplified case in which we
assume that the bare states dominate the channel states ΨJT and Ψ∆JT as well as
the states ΦN and Ψ∆. Then, to evaluate the matrix elements of the K matrix (12)
we use

|ΨJT (W)〉 ≈
√
ω0

k0

[
cB(W)|B〉 + δJ 1

2
δT 1

2
cN(W)|N〉

]
(18)

|Ψ∆JT (W,E)〉 ≈
√
ωE

kE

[
cB ′(W,E)|B ′〉 + δJ1

2
δT 1

2
cN
∆(W,E)|N〉 + δJ 3

2
δT 3

2
c∆∆(W,E)|∆〉

]

(19)

where for the P11 channel B = B ′ = R (i.e. N∗(1440)) while for the P33 channel we
use B = ∆(1232) and B ′ = ∆(1600).2 The second terms in the above expressions
ensure the mutual orthogonality of the channel states and the ground state. The
intermediate state appearing in Ψ∆JT can be approximated as

|Ψ∆(E)〉 ≈
√
ω

k

Ψ∆JT√
1 + K∆(E)2

|∆〉 ≈ 2 sin δ∆(E)√
2πΓ∆

|∆〉 , (20)

2 Note that we have not included the ∆(1600) in the first channel because of the relatively
small πN branching ratio.
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whereω = E−EN, k =
√
ω2 −m2π, Γ∆ = 2πω|〈N||V ||∆〉|2/k, K∆(E) = 1

2
Γ∆/(E∆ −

E). The coefficients cB and cB ′ are most easily determined from

(H −W)|ΨST (W)〉 = 0 and (H −W)|Ψ∆ST (W,E)〉 = 0 , (21)

which, after multiplying by 〈B|, yields

(EB −W)cB(W) = −〈B||V(k0)||N〉 , (22)

(EB ′ −W)c∆B ′(W,E) = −
2 sin δ∆(E)√

2πΓ∆
〈B ′||V(kE)||∆〉 . (23)

Here EB and EB ′ include the self-energy. For the coefficients cN and c∆ we get

cN
N(W) = −〈ΦN||a†(k0)||ΦN〉 ≈

〈N||V(k0)||N〉
W − EN

, (24)

cN
∆(W,E) = −〈ΦN||a†(kE)||Ψ∆(E)〉 ≈ 2 sin δ∆(E)√

2πΓ∆

〈N||V(kE)||∆〉
W − EN

, (25)

and similarly for c∆∆
We immediately notice that the K matrices can be written in a separable form;

in the P11 channel we find

Ki,j =
aiaj

ER −W
−
bibj

ω0
, i = N, ∆; j = N, ∆ (26)

with

aN(W) =

√
πω0

k0
〈B||V(k0)||N〉 , a∆(W,E) =

√
πωE

kE

2 sin δ∆(E)√
2πΓ∆

〈B ′||V(kE)||∆〉 ,
(27)

bN(W) =

√
πω0

k0
〈N||V(k0)||N〉 , b∆(W,E) =

√
πωE

kE

2 sin δ∆(E)√
2πΓ∆

〈N||V(kE)||∆〉 .
(28)

The coefficients bN and b∆ strongly influence the phase shift close to the
threshold but in the vicinity of the resonance we can neglect them. In this in case
it is possible to find the solution for the T matrices in a simple form:

Tij = −
aiaj

ER −W − i
[
a2N +

∫W−mπ

EN+mπ
dEa∆(E)2

] . (29)

The partial widths read

ΓNN(W) = 2aN(W)2 =
2πω0

k0
〈B||V(k0)||N〉2 , (30)

ΓN∆(W) = 2

∫
dEa∆(W,E)2 ≈ 2πωE

kE
〈B ′||V(k)||∆〉2 . (31)

To get the latter expression we have assumed that a∆(W,E) is sufficiently strongly
peaked around E = E∆. The phase shift for πN → πN is obtained from (17):

tan 2δ(W) =
ΓNN(W)(ER −W)

(ER −W)2 − 1
4

(ΓNN(W)2 − ΓN∆(W)2)
. (32)
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The inelasticity is expressed as

ImT in = −ImTNN − |TNN|2 =
1
4
ΓNN(W)ΓN∆(W)

(ER −W)2 + 1
4

(ΓNN(W) + ΓN∆(W))
2
. (33)

5 Preliminary results for the Roper in the Cloudy Bag Model

We shall illustrate the method using the simplified approach presented in the pre-
vious section by calculating scattering in the P11 channel which is dominated by
the Roper resonance. Though the above expressions are general and can be ap-
plied to any model in which the pions linearly couple to the quark core we choose
here the Cloudy Bag Model, primarily because of its simplicity. The Hamiltonian
of the model has the form (1) and (2) with

v(k) =
1

2fπ

k2√
12π2ωk

ω0MIT

ω0MIT − 1

j1(kR)

kR
, (34)

when no radial excitation of of the core takes place, and

v∗(k) = rωv(k) , rω =
1√
3

[
ω1MIT(ω0MIT − 1)

ω0MIT(ω1MIT − 1)

]1/2
, (35)

when one quark is excited from the 1s state to the 2s state. Here ω0MIT = 2.04

and ω1MIT = 5.40 The free parameter is the bag radius R. Though the bare val-
ues of different 3-quark configurations are in principle calculable in the model,
the model lacks a mechanism that would account for large hyperfine splitting
between certain states, e.g. the nucleon and the delta. For each R, we therefore
adjust the splitting between the bare states such that the experimental position of
the resonance is reproduced. Furthermore, using the experimental value of fπ in
(34) leads to too small coupling constants irrespectively of the bag radius; in our
calculation we have therefore decreased this value by 10 %.

Preliminary results for the phase shift and inelasticity in the P11 channel
have been calculated using the simplified model of the previous section. We have
used the parameters with which the P33 phase shift is reproduced in the region
of the delta resonance, i.e. the bag radius in the range 0.8 fm < R < 1.1 fm and
fπ = 81 MeV.

N N N

N

N N N N N

= + + + ...
∆RR

Fig. 1. Processes dominating scattering in the P11 channel: the nucleon pole term, the direct
term and the crossed term with the delta intermediate state.

The experimental phase shift (Fig. 2 can be reasonable well reproduced by
the the direct term only (see Fig. 1) provided we use a smaller value of the bag
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radius. (Larger values yield too small the resonance width.). Yet, close to the
threshold the phase shift exhibits a wrong behavior; it should be negative with
the strength dictated by the piNN coupling constant. The proper behavior at low
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Fig. 2. Different contribution to the phase shift in the P11 channel: the direct term (dashed
line), the inclusion of the nucleon pole (dotted line), the inclusion of the crossed term with
the ∆(1232) (dashed and dotted line), the inclusion of the second ∆(1600) (full line). The
bag radius R = 0.83 fm is used. The data points are from [7].

energies is established through the inclusion of the nucleon pole term. The nu-
cleon pole term is in our model generated by requiring the orthogonality of the
channel state vector to the ground state; including this term provides a consistent
behavior at small energies (and in particular in the limitω0 → 0). However, at in-
termediate energies the agreement is strongly deteriorated. Since the strength of
this term is fixed by the πNN coupling constant which is well reproduced in the
model, additional, non-resonant, terms are needed to cure this behavior. The im-
portant contribution that increases the phase shift comes from the crossed terms,
and in particular from the term with the intermediate delta states (see the last
term in Fig. 1), as noted already in [6]. To the leading order it contributes the term

K∆NN = π
ω0

k0

4

9

〈N||V ||∆〉2
ω0 + E∆ − EN

(36)

to the K matrix in the πN channel. But even if we increase the model value of
the πN∆ vertex such that the experimental width of ∆(1232) is reproduced, the
phase shift at lower energies remain still too negative. Another intermediate state
that has a relatively strong coupling to the πN channel is the excited delta state,
∆(1600). If we include the corresponding term in our calculation we obtain an
almost perfect agreement with the experiment at lower energies; which, taking
into account the crudeness of our model, should not be considered as a proof of a
great predictive power of our approach but rather as an indication of the impor-
tant role that other resonances may play in the formation of the Roper resonance.
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Fig. 3 shows that the calculated inelasticity in the resonance region qualita-
tively agrees with the experimental one. It does, however, not reproduce the large
inelasticity above the resonance energy which approaches the unitarity limit.
From our formula (33) such an behavior can be explained by assuming that the
partial widths, ΓN∆ and ΓNN, remain almost equal over a relatively large interval
of energies. This could again be attributed to the interplay of different processes
involving neighboring resonances not included in the present calculation.

-0.05

 0

 0.05

 0.1

 0.15
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 0.25
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 1  1.1  1.2  1.3  1.4  1.5  1.6  1.7  1.8

Fig. 3. The inelasticity in the P11 channel. The left figure is from [8], the right figure is our
calculation with the direct terms only.

To conclude, our very preliminary calculation points out the importance of
including different contributions stemming from the neighboring resonances to
explain the rather peculiar properties of the Roper resonance. We believe that
such conventional mechanisms have to be carefully exploited before making any
conclusion about possible necessity of exotic degrees of freedom.
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Constituent quark models predict a weak binding of the two heavy mesons
D andD∗ into tetraquark [1]. In Ref. [1] the wave function was expanded in terms
of Gaussians of different sets of Jaccobi coordinates. The structure of this state
turned out to be molecular with the mean distance of 2 fm between the two heavy
c quarks.

It is tempting to use the same method for theD+ D̄∗ tetraquarks speculating
that the recently discovered X(3872) resonance [2] which lies just above the DD̄∗

threshold at 3.872 MeV might be interpreted as the weakly bound state of these
two heavy mesons, in analogy to the DD∗ molecular state.

However, the situation in theDD̄∗ systems is rather different. The calculation
poses serious computational difficulties which are a real challenge!

1. Large isospin violation
The channel
D0 + D̄∗0 = 3871.2 MeV is open, and
D+ +D∗− = 3879.3 MeV is closed.
Therefore an isospin violating term should be added to the interaction. Most
model parameters should be refitted to account well for the important isospin
multiplets. This would require a careful understanding of isospin multiplets.
For a reliable prediction, the effective quark-quark interaction should give a
unified description of light and heavy mesons and baryon (at least in ground
and some low-lying states). For that reason we used in the study of the DD∗

tetraquark the nonrelativistic constituent quark model with the Bhaduri or
Grenoble (AL1) gluon exchange interactions since they at least partially sat-
isfy these criteria. However, they do not contain an isospin breaking term and
it would be a major effort to refit them for our delicate purpose.

2. Open channels
In addition to D0 + D̄∗0 there are also two more open channels:
J/ψ+ ρ = 3867 MeV is open,
J/ψ+ω = 3879 MeV is closed,
J/ψ+ η = 3644 MeV is open.
The last one is especially important since this is the channel in which the
X(3872) state was discovered [2]. Therefore a coupled channel calculation is
needed.

? Present address: Ultra (Telargo), V. Otona Župančiča 23a, 1410 Zagorje, Slovenia
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3. Low-lying open channel
Such a coupled channel calculation would be very difficult since the last open
channel is way below the threshold. Therefore the relative wavefunction os-
cillates strongly and needs a large and reliable basis for expansion. The usual
expansion in Gaussians with different width or different position or in har-
monic oscillator function would require a large basis and high precision.

A promising approximation seems to be available, to artificially close the
low-lying decay channel, assuming that it does not influence much the resonance
near the threshold. The simplest way to do this is to restrict the four-body basis
to singlet colour meson-singlet colour meson states. However, in this subspace
no color · color interaction between (anti)quark of the first D meson and the
(anti)quark of the second D̄ meson is present, thus some additional interaction
would be needed to produce the binding between two heavy mesons, e.g. a three-
body interaction or an instanton generated interaction between light quarks. To
produce binding, these additional interactions should be quite strong or long-
ranged. Such modifications of the Bhaduri or AL1 constituent quark model would
then require the refitting model parameters. If, on the other hand, the binding of
D and D̄∗ is a result of a significant admixture of the color octet-octet configura-
tion as in the case of the DD∗ tetraquark [1], where the small component of the
atomic-like configuration (similar to Λb with cc diquark instead of b) produces
just enough attractive force between heavy mesons to bind them, then one must
solve the Hamiltonian in full color space. Since the total mass of the two mesons
is so close to the energy of the newly discovered state in the charmonium spectra
this calls for very accurate calculations where also the presence of the J/ψ + η

open channel must be taken into the account.
Other tricks to artificially close the low-lying decay channel seem risky due

to its low energy. A simple variational calculation with partially restricted Hilbert
space is likely to give a random resonance energy anywhere in between the D +

D̄∗ threshold and the asymptotic J/ψ+η value, depending how far one goes with
the optimisation. In [3] where this four quark system was essentially artificially
enclosed inside the harmonic oscillator, they obtained strong binding more than
400 MeV below theD and D̄∗ threshold but still almost 200 MeV above the energy
of the free J/ψ+ η.
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Abstract. The simulations of the light scalar mesons on the lattice are presented at the in-
troductory level. The methods for determining the scalar meson masses are described. The
problems related to some of these methods are presented and their solutions discussed.

1 Introduction

The observed spectrum of the light scalar resonances below 2 GeV is shown in
Fig. 1. The existence of flavor singlet σ and strange iso-doublet κ are still very
controversial [1]. Irrespective of their existence, it is difficult to describe all the
observed resonances by one or two SU(3) flavor nontes of q̄q states:

• If σ and κ do not exist, than K0(1430) has to be strange partner of a0(980),
but the mass difference appears to big. Also there are to many states to be
described by one nonet.

• If σ and κ exist, then all these states could represent two q̄q nonets and one
glueball, where the largest glueball component is commonly attributed to
f0(1500). However, most of the models and lattice simulations have difficul-
ties in relating the observed properties of states below 1 GeV to the q̄q states.

This situation is in contrast to the spectrum of light pseudoscalar, vector and
axial-vector resonances, where q̄q assignment works well. It raises a question
whether the scalar resonances below 1 GeV are conventional q̄q states or perhaps
exotic states such as tetraquarks [2].

This issues could be settled if the mass of the lightest q̄q states could be
reliably determined on the lattice and identified with the observed resonances. In
lattice QCD, the hadron masses are conventionally extracted from the correlation
functions that are computed on the discretized space-time.

In the next section we present how the scalar correlator is calculated on the
lattice. The relation between the scalar correlator and the scalar meson mass is
derived in Section 3. A result for the mass of I = 1 scalar meson is presented in
Section 4. In Section 5 we point out the problems which arise due to the unphys-
ical approximations that are often used in the lattice simulations and we discuss
the proposed solutions. We close with Conclusions.

This article follows the introductory spirit of the talk given at the Workshop
Exciting hadrons and many technical details are omitted.
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Fig. 1. The spectrum of observed light scalar resonances below 2 GeV [1]. The existence of
σ and κ are still very controversial experimentally.

2 Calculation of the scalar correlator

Let us consider the correlation function for a flavor non-singlet scalar meson q̄1q2
first. In a lattice simulation it is calculated using the Feynman functional integral
on a discretized space-time of finite volume and finite lattice spacing. The corre-
lation function represents a creation of a pair q̄1q2 with JP = 0+ at time zero and
annihilation of the same pair at some later Euclidean time t

C(t) =
∑

x

〈0|q̄1(x, t)q2(x, t) q̄2(0, 0)q1(0, 0)|0〉 , (1)

where both quarks are created (annihilated) at the same spatial point for definite-
ness here1. Wick contraction relates this to the product of two quark propagators
shown by the connected diagram in Fig. 2b

C(t) =
〈
CG(t)

〉
G

(2)

CG(t) =
∑

x

Trs,c
[
Prop2

0,0→x,t
Prop1

x,t→0,0

]

=
∑

x

Trs,c
[
Prop2

0,0→x,t
γ5Prop1 †

0,0→x,tγ5
]
.

The quark propagator in the gluon field G and Euclidean space-time [3]

Propi
x,x0→y,y0

=

(
1

6DE +mi

)

x,x0→y,y0

(3)

is the inverse of the discretized Dirac operator 6DE + mi , which is a matrix in
coordinate space and depends on the gluon field G 2. The inversion of a large
Dirac matrix is numerically costly, but the calculation of correlator (2) is feasible

1 Different shapes of creation and annihilation operators in spatial direction can be used.
2 6D = γµ(∂µ + i

2
λaG

a
µ) in continuum Minkowski space-time.
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since it depends only on two propagators from a certain point (0, 0) to all points
(x, t). Both of these are obtained by solving the equation (6DE + mi)V

′ = V for
a single3 source vector V which is non-zero only at (0, 0). The expectation value
over the gluon fields in (2) is computed based on the Feynman functional integral

C(t) =

∫
DG CG(t)

∫
Dq

∫
Dq̄ e−SQCD

∫
DG

∫
Dq

∫
Dq̄ e−SQCD

=

∫
DG CG(t) Πidet[6DE +mi] e

−SG

∫
DG Πidet[6DE +mi] e−SG

.

(4)
A finite ensemble ofN gluon field configurations is generated in the lattice simu-
lations. Each configuration is generated with a probability Πidet[6DE +mi] e

−SG

for a given discretized gauge action SG and Dirac operator 6DE. The functional
integral (4) is calculated as a sum over the ensemble

C(t) =
1

N

N∑

j=1

CGj
(t) . (5)

q

q

q

q

q

q

0,0 0,0x,t x,t

(a) (b)

Fig. 2. The disconnected (a) and the connected (b) Feynman diagrams that need to be eval-
uated to compute the correlator. The disconnected diagram is present only for the flavor
singlet meson.

The correlator for the flavor singlet scalar meson q̄q

C(t) =
∑

x

〈0|q̄(x, t)q(x, t) q̄(0, 0)q(0, 0)|0〉 (6)

requires also the calculation of the disconnected diagram in Fig. 2a
〈

Trs,cProp
0,0→0,0

∑

x

Trs,cProp
x,t→x,t

〉

G

(7)

in addition to connected one. The propagator Prop
x,t→x,t

in principle requires
the solution of (6DE +mi)V

′ = V for source vector V at any point. Such a number
of inversions is normally prohibitively large and one is forced to use approximate
methods for evaluating the disconnected part (7) of the singlet correlator. A cal-
culation of the correlator for singlet meson in therefore much more demanding
than for non-singlet meson.

3 In fact (6DE +mi)V
′ = V has to be solved for every spin and color of the source vector

V .
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3 Relation between correlator and meson mass

In this Section we derive the relation between the scalar correlator and the scalar
meson mass. The state q̄(0)q(0)|0〉 that is created at time zero is not a scalar meson
|S〉, but it is a superposition of the scalar meson and all the other eigenstates of
Hamiltonian |n〉 with the same quantum numbers JP = 0+ and IG as |q̄q〉

|q̄q〉 =
∑

n

cn|n〉 = c1|S〉 + c2|S
∗〉 +

∑
ci

∣∣∣∣
multi

hadron st.

〉

i

+ ...

(
+c0|0〉

only for
singlet

)
.

(8)
Here |S〉 and |S∗〉 are ground and excited scalar mesons, while the third term rep-
resents the sum over multi-hadron states. The eigenstate |n〉 evolves as eipnx−Ent

in Euclidean space-time, so the scalar correlators (1) and (6) evolve as

C(t) =
∑

x

〈q̄(x, t)q(x, t) q̄(0, 0)q(0, 0)〉 (9)

=
∑

n

∑

x

〈q̄q|n〉eipnx−Ent〈n|q̄q〉 =
∑

n

|〈q̄q|n〉|2 e−Ent
∣∣
p=0

= |c1|
2e−mSt + |c2|

2e−mS∗t +
∑

|ci|
2e−E

multi
had.

i
t + ...

[
+|c0|

2 only for
singlet

]
(10)

If |S〉 is the lightest state among |n〉, than C(t) ∝ e−mSt at large t andmS and
can be extracted simply by fitting the lattice correlator to the exponential time
dependence.

In the case of the flavor singlet correlator, the lightest state in the sum (8) is the
vacuum state. Its corresponding coefficient c0 (8) is the scalar condensate 〈q̄q〉.
Another important light state that contributes at large t is ππ, so extraction ofmσ
requires the fit to

C(t)
t→∞
= |cσ|2e−mσt +

∑

pπ

∣∣cpπ

∣∣2e−Eππ
pπ
t + 〈q̄q〉2 . (11)

The extraction of mσ is very challenging since C(t) requires the calculation of
the disconnected diagram (see previous Section) and since RHS in (11) is largely
dominated by 〈q̄q〉2.

These two problems do not affect the study of the flavor non-singlet meson.
However, even in this case there are several multi-hadron states which are light
and need to be taken into account in the fit of the correlator (9) at large t in order to
extract mS. The lightest multi-hadrons states with JP = 0+ are two-pseudoscalar
states in S-wave. In case of I = 1 correlator, the contribution of scalar meson a0 is
accompanied by contributions of πη, K̄K and πη′ in three-flavor QCD. Let us note
that in nature these three states are lighter than observed resonance a0(1450); the
state πη is also lighter than observed resonance a0(980). In two-flavor QCD, the
only two-pseudoscalar state πη′ is relatively heavy and not so disturbing for the
extraction of ma0 from (9).

The above derivation of time-dependence for a correlator was based on QCD,
which is a proper unitary field theory. The resulting correlator (9) is positive def-
inite. Let us point out that certain approximations used in lattice simulations
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(quenching, partial quenching, staggered fermions, mixed-quark actions) break
unitarity and may render negative correlation function. These approximations
will be discussed in Section 5 together with the necessary modifications of the
fitting formula (9).

4 Mass of scalar meson with I=1

A lattice simulation of the scalar meson a0 with I = 1 [4] is presented in this
section, as an example. It employs two dynamical quarks4, lattice spacing 0.12
fm, lattice volume 163×32 and ensemble of about 100 gauge configurations [4,5].
The advantage of simulation [4] is that its discretized (Domain-Wall) fermion ac-
tion has good chiral properties: it is invariant under the chiral transformation
for mq = 0 even at finite lattice spacing5, which is not the case for some of the
commonly used discretized fermion actions. Another advantage of the simula-
tion with two dynamical quarks [4] is that the exponential fit of the correlator at
large t rendersma0. The conventional exponential fit is justified in this case since
the only two-pseudoscalar intermediate state in two-flavor QCD is πη′, which is
relatively heavy and does not affect the extraction of ma0 (see previous Section).

The resulting mass is presented in Fig. 3 for different input masses mu,d,
where isospin limit mu = md is employed. There are no simulations at physical
massesmu,d since the pion cloud around the scalar meson with λπ = hc/140MeV
' 9 fm would be too squeezed on the lattice with extent 16× 0.12 fm ' 2 fm. The
u/d quarks and pions are heavier in simulation than in the nature in order to
avoid large finite volume effects. The linear extrapolation of ma0 to the physical
quark mass mu,d ' 4 MeV in Fig. 3 gives

ma0 = 1.58 ± 0.34 GeV . (12)

Although our result for the mass of the lightest q̄q state with I = 1 has siz-
able error-bar, it appears to be closer to the observed resonance a0(1450) than to
a0(980). It gives preference to the interpretation that a0(980) is not conventional
q̄q state.

Results from other lattice simulations of the light scalar mesons can be found
in [6]-[11].

5 Problems due to unphysical approximations

The simulation presented in the previous section is a discretized version of two-
flavor QCD and does not employ any unphysical approximations except for the
discretization of space-time. It renders positive definite correlation function, as
expected in proper Quantum Field Theory (9).

4 Fermion determinant in (4) incorporates quarks i = u, d.
5 This is strictly true only when the 5th dimension in Domain-Wall fermion action is in-

finitely large.
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Fig. 3. The triangles present resultingma0 for three values of bare quark massesmu,d [4].
The dashed line is the linear extrapolation ofma0 to the value ofmu,d in nature.

However, lattice simulations often employ unphysical approximations which
facilitate numerical evaluation. One of the indications that the simulation does
not correspond to a proper QCD is the negative scalar correlator. Another sign
of unphysical simulation is when I = 1 correlator drops as e−2Mπt at large t
although the lightest two-pseudoscalar state with I = 1 is πη. Both of these un-
physical lattice results can occur if the theory that is being simulated is not uni-
tary, which is the case for all the commonly used approximations listed below:

• In quenched simulation the fermion determinant in (4) is replaced by a con-
stant. This corresponds to neglecting all the closed sea-quark loops. The I = 1

scalar correlator is negative in this case and its negativity was attributed to
the intermediate state πη′ in Ref. [6]. The prediction for πη′ intermediate state
in quenched version of Chiral Perturbation Theory (ChPT) describes the sign
and the magnitude of the lattice correlator at large twell [6,7]. The mass ma0
was extracted [6,7] by fitting the quenched I = 1 correlator to the sum of
e−ma0t term and the contribution of πη′ as predicted by Quenched ChPT.

• In partially quenched simulation the mass of the sea quark is different from
the mass of the valence quark, although they are the same in nature. The
mass of the valence quark is the mass that appears in the propagator of the
correlator CG (2), while the mass of the sea quark is the mass that appears
in the fermion determinant (4). The partially quenched scalar correlator with
I = 1 was found to be negative if mval < msea [4]. This was attributed to
intermediate states with two pseudoscalar mesons and was described well
using partially quenched version of ChPT [4]. The mass ma0 was extracted
by fitting the partially quenched correlator to the sum of e−ma0t term and the
contribution of two-pseudoscalar states as predicted by Partially Quenched
ChPT [4]. The resulting mass agrees with the mass (12).

• The simulations with mixed quark actions employ different discretizations of
the Dirac operator for valence and sea quarks. The method of extracting scalar
meson mass from a such simulations was proposed in [12,13].
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• The simulations with staggered quarks use an artificial taste degree of freedom
for quarks in order to solve fermion doubling problem [3]. The method of
extracting scalar meson mass from simulations with staggered quarks [11]
was proposed in [12].

All these approximations modify the contribution of two-pseudoscalar in-
termediate states with respect to QCD. The effects of these approximations can
be therefore determined by predicting the two-pseudoscalar contributions using
appropriate versions of ChPT. These analytic predictions [6,4,12,13] allow the ex-
traction of the scalar meson mass from the correlator as long as the contribution
of two-pseudoscalar intermediate states does not completely dominate over the
e−mSt term.

6 Conclusions

The nature of scalar resonances below 1 GeV is not established yet. A lattice de-
termination of the masses for ground q̄q scalar states would help to resolve the
problem.

In principle, the scalar mass can be extracted from the scalar correlator that is
computed on the lattice. However, the interesting term e−mSt in the correlator is
accompanied by the contribution of two-pseudoscalar states e−EPPt. The problem
is that the energy of two-pseudoscalar states is small, so they may dominate the
correlator and complicate the extraction of scalar meson mass. On top of that, the
contribution of two-pseudoscalar states is significantly affected by the unphysical
approximations that are often used in lattice simulations. Luckily, these effects
can be predicted using appropriate versions of Chiral Perturbation Theory and
they agree with the observed effects on the lattice correlators. We give the list of
references, which provide the expressions for extracting mS from the correlators
for various types of simulations.

A simulation, which does not suffer from the problems listed above, gives
1.58± 0.34 GeV for the mass of the lightest q̄q state with I = 1. This supports the
interpretation that observed a0(1450) is the lightest (q̄q)I=1 state, while a0(980)
might be something more exotic.
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1 A short summary

Last year has seen some important discoveries or reconfirmations of tentative
multiquark and exotic states. Several surprises appeared regarding their low en-
ergies, narrow widths, abundant production etc. On the other hand, the electroex-
citation of baryons remains a very promising tool to understand the structure of
low-lying excited states. The theoretical trend has been to progress from qualita-
tive to quantitative in describing not only spectra but also the electroweak form
factors, transition amplitudes and decay widths.

I shall briefly outline how I have understood the talks and discussion ses-
sions and I apologise for any misinterpretation. For simplicity, I shall follow our
timetable chronologically.

Veljko Dmitrašinović presented the t’Hooft interaction supposedly gener-
ated by instantons. It plays a noticeable role in the energy shift of mesons and
baryons belonging to different representations of flavour SU(3). For some states
the agreement between model and experiment is improved significantly. We ac-
cepted it as an alternative or as an addition to other effective interactions, for ex-
ample gluon exchange or Goldstone boson exchange (of Riska, Glozman, Plessas
and Wagenbrunn). The effect of the three-body t’Hooft interaction is, however, es-
sential for multiquarks. It can explain the approximate degeneracy of D+(2308)

and D+
s (2317) mesons which accordingly should be tetraquarks. An interesting

attempt for reconciliation between experiments which see and do not see the pen-
taquark Θ(1540) was proposed: if this is a weakly bound state of neutron, kaon
and pion, it cannot be formed in some experiments.

The Ljubljana group (Bojan Golli, Simon Širca) described their collaboration
with experimental groups in MAMI (Mainz) and JLab (USA). as well as their
progress in clarifying unexplained features in electroexcitation of the nucleon
within the Cloudy Bag Model. The discussion was concentrated on the diversity
of facets displayed by the Roper resonance and on plans for its further study. The
second group (Mitja Rosina, Damijan Janc) is preparing an attack on the X(3872)
resonance assuming that it might be a molecular state of D and D̄ mesons, in
analogy to the DD molecular state. The difficulties of a model calculation were
discussed and are summarized in next section.

Ica Stancu presented the controversial Ξ = ccu/ccd baryons seen by the SE-
LEX detector. The presentation triggered lively discussions. Doubts are due to
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low statistics, unexpectedly low mass, too large isospin splitting and too high
production rate. Her calculations do yield a somewhat higher mass, but it can
be lowered by readjustment of model parameters. New experiments are urgently
needed. If these states are confirmed, they would lead to interesting consequences
regarding our understanding of effective quark interactions, especially the three-
body ones.

Herbert Weigel tried to convince us that the controversial pentaquarkΘ(1540)

is consistent with the Skyrme soliton model using semiclassical angular momen-
tum projection. The presentation was very instructive. As far as I understand it,
the nice agreement between the model and the tentative experimental result has
only a qualitative significance and is not conclusive; it is, however, very interest-
ing.

Several important results came from the Belle collaboration (Tsukuba) which
includes also a significant Slovenian experimental group. Ilija Bizjak presented
several results, in particular he gave an exhaustive documentation about the an-
gular momentum, parity and C-parity assignments of X(3872): JPC = 1++. This
result is very important for theory since it distinguishes between different models
and is relevant also for the work of Janc and Rosina. Bizjak also documented the
search for pentaquark: it has not been seen at Belle.

Vladimir Kukulin revived the interest in dibaryons. In his review he admit-
ted that they have not been discovered as usual resonances. He stressed, however,
their role as virtual (intermediate) states in nucleon-nucleon collisions and in the
disintegration of the deuteron.

Harald Fritzsch presented an interesting model for the spin of the nucleon.
From the deep inelastic scattering of polarized electrons it is known that the spin
of valence quarks gives only a small contribution to the nucleon spin. In the pre-
sented model, the dressed quark is constructed by adding quark-antiquark pairs
to the valence quark. The dressed quark then contributes 30% of nucleon spin
(25% are suposedly contributed by the orbital motion and 45% by gluons). It will
be crucial to measure the contribution of gluons which is one of the programmes
of the Compass detector.

Peter Minkowski concentrated on gluonic degrees of freedom. He empha-
sised that the search for glueballs (as systems of two gluons) is not in vain, since
there are too many scalar mesons. Using a nonet classification he pointed out
which scalar mesons correspond to the same representation and which meson
might be predominantly a glueball. He made an interesting proposal that the
glueball appears as a very broad resonance extending from the controversial
σ(500) up to f0(1300). He argued that the value of glueball mass above 1600 MeV
as given by many authors is too high.

Saša Prelovšek reviewed the lattice QCD calculations of scalar mesons. It
was instructive to see the comparison between the static, dynamic and partially
dynamic version of the lattice QCD and corresponding techniques to extrapolate
the quark mass to a sufficiently low value. The lightest scalar meson comes at
least at 1.6 GeV. This result is certainly in disagreement with the interpretation
of Minkowski and is expected to heat up the debate for quite some time in the
future.
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The Graz group (Willi Plessas and Robert Wagenbrunn) developed the rela-
tivistic approach to baryon spectroscopy one step further. In addition to the en-
ergy spectrum they can calculate consistently electromagnetic and weak form fac-
tors as well as some hadronic processes. Some baryonic decay widths agree now
well with the experiment and some not yet. A deeper understanding of those
cases is still needed and any debate is welcome.

2 The future of multiquark states

The search for multiquarks is not just an extravagant sport. They are essential for
our understanding of effective quark interactions and limits of validity of the con-
stituent quark model. Can a unified quark model be developed which comprises
mesons, baryons, tetraquarks, pentaquarks, hexaquarks and exotics containing
gluons?

Some calculations agree with experiment, some do not. Some new states are
surprising (possibly false), some predicted states are missing or difficult to find.
The moral of the fable is that we should constantly encourage experimentalists to
search for our pet states. We should proceed from qualitative to (semi)quantitative
in order to give a good guidance to experimentalists. The predicted energies
(masses) should be generously commented regarding their reliability, alternative
possibilities and possible range of surprises in order not to mislead the experi-
mentalists.

Moreover, dynamical calculations should be improved to supply more reli-
able production and decay rates, with all their model dependence, however. This
might help to invent new promising channels for identification of new multi-
quarks.

Let me give two examples.

(i) The Belle collaboration has observed an unexpectedly large production
rate of double cc̄ pairs in e+e− collisions (Ref.[1]). Since they used a J/ψ trig-
ger this meant the detection of J/ψ as well as separate c and c̄ decay products.
Due to the high abundance of two c quarks simultaneously we can expect sig-
nificant (hopefully measurable) production rates of double-charm baryons and
tetraquarks. In order to more reliably calculate these production rates the large
production of double cc̄ pairs should be better understood (Ref.[2] gives only
an estimate). Moreover, suggestions for good detection channels and triggers are
welcome.

(ii) The calculation of the X(3872) tetraquark presents serious computational
difficulties (Ref.[3]) which are a real challenge!

1. Large isospin violation. The channel D0 + D̄∗0 = 3871.2 MeV is open
while D+ +D∗− = 3879.3 MeV is closed.
Therefore an isospin violating term should be added to the interaction. Most
model parameters should be refitted to account well for the important isospin
multiplets. This would require a careful understanding of isospin multiplets.
To my knowledge, no model so far gives a unified description of light and



What I have learned at BLED 2005 77

heavy mesons and baryon (at least in ground and some low-lying states),
including isospin effects.

2. Open channels. In addition toD0+D̄∗0, there are two more open channels:
J/ψ+ ρ = 3867 MeV and J/ψ+ η = 3644 MeV.
A coupled channel calculation is needed.

3. Low-lying open channel. The last open channel lies much below the thresh-
old. Therefore the relative wavefunction oscillates strongly and needs a large
and reliable basis for expansion. The usual expansion in Gaussians with dif-
ferent width or different position, or in harmonic oscillator function would
not work.
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Abstract. The P11(1440) (Roper) resonance remains one of the least understood excited
states of the nucleon. Relevant open issues of the theoretical and phenomenological anal-
yses of the Roper are identified, and a proposal for a study of the Roper in a pion electro-
production experiment with double-polarization observables is given.

1 Introduction

The P11(1440) (Roper) resonance [1] is the lowest positive-parity N? state. It is
visible only indirectly in partial-wave analyses of πN → πN and πN → ππN scat-
tering as a shoulder around 1440MeV with a large width. The Roper is buried un-
derneath the Born backgrounds and merges with the tails of other neighbouring
resonances (in particular the P33(1232), D13(1520), and S11(1535)), and thus can
not be resolved from the W-dependence of the cross-section alone. Furthermore,
the methods by which the masses and widths of the Roper have been determined,
differ significantly: from πN scattering, a Breit-Wigner mass of ∼ 1470MeV and
width of ∼ 350MeV is extracted, while a speed-plot analysis (local maxima of
|dT/dW|) yields ∼ 1375MeV and ∼ 180MeV, respectively [2]. In addition, due to
its high inelasticity, the Roper resonance has a very atypical behaviour of ImTπN

and exhibits multiple T -matrix poles in the complex energy plane on auxiliary
Riemann sheets.

Although this four-star resonance is within the energy range of many mod-
ern facilities, the experimental analyses so far have not ventured far beyond the
determination of its mass, widths, and photon decay amplitudes. Very little is
known about its internal structure.

2 Two “standard” views of the Roper

The photo-couplings and helicity amplitudes of the Roper resonance have been
computed in a multitude of approaches, and have yielded a set of predictions
which at this stage can not be conclusively confirmed or ruled out by data. In
the SU(6) quark model, the Roper can be understood as a radial excitation of
the proton to the (1s)2(2s)1 configuration. This excitation results in a “breathing



Structure of the Roper resonance... 79

mode” of the proton, implying a sizable Coulomb monopole contribution (C0 or
S1−). Some models describe the Roper as a gluonic partner of the proton, repre-
senting it as a (q3g) hybrid baryon with three quarks oscillating against explicitly
excited configurations of the gluon fields. In this picture, the C0 strength should
thus be highly suppressed, implying a predominantly magnetic dipole transi-
tion (M1 or M1−), in contrast to the concept of “breathing”. These two opposing
concepts result in rather different predictions for theQ2-dependence of the trans-
verse (Ap

1/2
) and scalar (Sp

1/2
) electro-production helicity amplitudes shown in

Fig. 1. Of course, numerous other approaches have been suggested (see e.g. [3]
for a review).

Fig. 1. Nucleon-Roper transverse (left) and scalar (right) helicity amplitudes for the
charged (proton) state. The curves are for a Roper as a radially excited (q3) state or a
(q3g) hybrid state.

3 Assessment of experimental situation

Experimentally, the Q2-dependence of the helicity amplitudes is not well known
(see Fig. 1). A re-analysis of old DESY and NINA electro-production experiments
yielded Sp

1/2
consistent with zero, and gave contradictory results for the Ap

1/2
.

The lack of (double)-polarized measurements is, to a great extent, responsible
for such large uncertainties. Newer, polarized experiments at Jefferson Lab have
yielded more precise values of Sp

1/2
at Q2 = 0.4 and 0.65 (GeV/c)2. The Ap

1/2

has also been extracted atQ2 = 0.4, 0.65, and 1.0 (GeV/c)2. It appears to exhibit a
zero-crossing in the vicinity ofQ2 = 0.5 (GeV/c)2, although the situation remains
unclear due to limited Q2-coverage and modest error-bars.

Kinematically most extensive data sets on single-pion electro-production in
the Roper region come from Hall B of Jefferson Lab. Angular distributions and
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W-dependence of the electron beam asymmetry σLT′ have been measured for
both channels in the P33(1232) region at Q2 = 0.4 and 0.65 (GeV/c)2 [4,5]. A
complete angular coverage was achieved, and different non-resonant amplitudes
were be separated in a partial-wave analysis. The Legendre moments D ′

0, D ′
1,

and D ′
2 of the expansion were determined. The D ′

1 appears to be sensitive to
higher resonances, with contributions of about 15−20% coming mainly from the
Im(M∗

1−S1+) interference, pointing to the relevance of the Roper.
Dispersion-relation techniques and unitary isobar models have been applied

to analyze the CLAS σLT ′ data at Q2 = 0.4 and 0.65 (GeV/c)2 spanning also the
second resonance region, in order to extract the contributions of the P33(1232),
P11(1440), D13(1520), and S11(1535) resonances to single-pion production. Since
both the pπ0 and the nπ+ channel were measured (facilitating isospin decompo-
sition), the transverse helicity amplitude Ap

1/2
as well as the scalar Sp

1/2
could be

extracted. The results show a rapid fall-off of Ap
1/2

and indicate its zero-crossing
at Q2 ∼ 0.5 − 0.6 (GeV/c)2 shown in Fig. 1. It was also shown that σLT ′ is mainly
sensitive to the imaginary part of P11(1440), while the cross-section is sensitive to
the real part of the P11 multipoles.

In Hall B, further experiments will be devoted to single-pion photo-produc-
tion in both p(γ, π+)n and p(γ,p)π0 channels, with polarized beam and longitu-
dinally as well as transversely polarized target using the CLAS detector. There
is also a competing real-photon experiment of the A2 Collaboration at MAMI
devoted to the measurement of polarized asymmetry G.

These uncertainties, in particular the location of the zero-crossing in Q2, are
motivating the Hall A study of the Roper by means of double-polarization ob-
servables. A measurement over a broad range of W and Q2 would provide us
with a rich data set on the transition amplitudes in electro-production.

4 Lessons learned from E91-011

Polarized electron beam and recoil-polarimetry capability of Hall A allow ac-
cess to double-polarization observables in single-pion electro-production. Recoil-
polarization observables are composed of different combinations of multipole
amplitudes than observables accessible in the case of a polarized target. In the
sense of experimental method, the measurements of Hall A would be comple-
mentary to the efforts with CLAS in Hall B.

A complete angular coverage of the outgoing hadrons to the extent of the
CLAS detector in not possible in Hall A due to relatively small angular open-
ings of the Hall A HRS spectrometers except at high Q2 where the Lorentz boost
from the center-of-mass to lab frame focuses the reaction products into a cone nar-
row enough to provide a virtually complete out-of-plane acceptance. The E91-011
neutral-pion electro-production experiment in Hall A [6] was performed at suf-
ficiently high Q2 = (1.0 ± 0.2) (GeV/c)2 and W = (1.23 ± 0.02) GeV to allow
for a measurement of all accessible response functions, even those that vanish for
coplanar kinematics. Two Rosenbluth combinations and 14 structure functions
were separated, allowing for a restricted partial-wave analysis giving access to
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all l ≤ 1 multipole amplitudes relevant to the N → ∆ transition. Both extracted
M1− and S1− multipoles [6] in the pπ0 channel indicate a rising trend approach-
ing the W ∼ 1440MeV region, pointing towards the Roper.

Unfortunately, the cross-sections atW ∼ 1440MeV (for any Q2) are about an
order of magnitude smaller than in the ∆-peak. For high Q2 ∼ 1 (GeV/c)2, where
a large out-of-plane coverage would allow for a decent partial-wave analysis in
Hall A, the cross-sections are even smaller. Furthermore, due to the zero-crossing
uncertainty of theM1− multipole, it is not clear what value ofQ2 to choose in or-
der to have a prominentM1 signal. Furthermore, models indicate that the crucial
features of the Roper multipoles (or helicity amplitudes) are visible at relatively
small Q2 of a few 0.1 (GeV/c)2, nullifying the boost-advantage of the HRS.

We believe that a measurement in the spirit of the E91-011, attempting a
precise extraction of the Roper multipoles from a complete partial-wave anal-
ysis at a single Q2-point, is not the most effective strategy at this moment. In-
stead, we believe that a precise measurement of a more restricted set of double-
polarization observables, highly sensitive to the Roper multipoles, and spanning
a broad range in Q2 and W, would yield a more rewarding and critical insight
into the structure of the N → R transition through comparison with models.

5 Options for a Roper experiment in Jefferson Lab Hall A

We believe that an attempt at a large-scale analysis of the Roper multipoles, aim-
ing at a complete partial-wave analysis at a single Q2-point in the spirit of the
N → ∆ experiment E91-011 [6], presently may not be the most effective approach
to study the structure of the N → R transition. We are working on designing
an experiment that would measure recoil polarization components which exhibit
high sensitivities to the Roper resonant multipoles and span a broad range in Q2

andW. It is this extended coverage that would allow for a more instructive study
of the transition through comparison with models.

In anti-parallel kinematics for the p(e, e ′p)π0 process, the polarization com-
ponents of the ejected proton P ′

x and Py have the following multipole structure:

P ′
x ∼ Rt

LT ′ = Re { L∗0+E0+

+ (L∗0+ − 4L∗1+ − L∗1−)M1− + L∗1−(M1+ − E0+ + 3E1+)

− L∗0+(3E1+ +M1+) + L∗1+(4M1+ − E0+) + 12L∗1+E1+ , (1)
Py ∼ Rn

LT = − Im { · · · } . (2)

The L∗0+E0+ interference is relatively large and prominent in all kinematics. The
combinations L∗1−(−E0+ + 3E1+) and (−4L∗1+ − L∗1−)M1− involving M1− and/or
L1− are either relatively small or cancel substantially. The terms largest in magni-
tude and sensitivity are the L∗0+M1− and the L∗1−M1+ each involving one of the
relevant Roper multipoles linearly. The contributions of the M1− and S1− multi-
poles to P ′

x and Py depend strongly on Q2 and W, so a measurement of P ′
x and

Py in a broad range ofQ2 andW would allow us to quantify these dependencies.
We are considering performing two W-scans at fixed momentum transfers

of Q2 of 0.13 and 0.33 (GeV/c)2 to explore the behaviour on and away from
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the resonance position, and a more extensive Q2-scan at the resonance position
W = 1440MeV, with two overlapping settings. TheW-scans could be performed
at relatively small Q2 because the predicted asymmetries and their sensitivities
to the relevant multipoles appear to be largest there. Two beam energies (2 and
3GeV) could be used. The lower beam energy is needed in order to accommodate
the low-Q2 end of the Q2-scan (and the correspondingW-scan) without running
into the geometrical limits of the HRS spectrometers in Hall A. The proposed
kinematics coverage is illustrated in Fig. 2.

Fig. 2. The kinematic coverage inW andQ2 of the E91–011 experiment in Hall A (hatched
area) and of the present proposal.

The sensitivity of Py to the resonant Roper multipoles M1− (proportional to
the helicity coupling Ap

1/2
) and S1− (proportional to Sp

1/2
) is different at low and

highQ2, and varies through theW-range. AtQ2 = 0.13 (GeV/c)2 (Fig. 3 left), the
full prediction for Py at the resonance position is almost +100%, with comparable
M1− and S1− contributions, while it is close to zero with the Roper switched off.
AtQ2 = 0.33 (GeV/c)2, Py drops to about +40% (Fig. 3 right), dropping to about
−40% with the Roper switched off, with different roles of M1− and S1−. At high
Q2 = 0.73 (GeV/c)2 and above (not shown), the full Py is about −50%, and only
S1− plays an appreciable role.

The role of the resonant multipoles changes very quickly, resulting in dra-
matic changes in the polarization components on a relatively narrow range in W
(about ±60MeV away from the resonance position to each side plus some addi-
tional coverage due to extended acceptance). The Py being so large (on the order
of several tens of %), a measurement in a broad range of Q2 and W would there-
fore enable us to study its dependencies quite precisely.

TheW-dependencies of both P ′
x and P ′

z become washed out at highQ2. How-
ever, the large asymmetries persist in Py and, to some extent, also in the P ′

x. A
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measurement of the Q2-dependence of Py and P ′
x (see Fig. 4) therefore gives us

yet another handle to quantify the role of the individual multipoles, and can be
mapped onto the zero-crossing of the Ap

1/2
helicity amplitude.

Fig. 3. Sensitivity of Py to the resonant Roper multipoles M1− (helicity amplitude Ap
1/2

)
and S1− (Sp

1/2
), as a function ofW atQ2 = 0.13 and 0.33 (GeV/c)2. The expected statistical

uncertainties of the proposed measurement are also shown.

Fig. 4. Sensitivity of the normal (induced) recoil polarization component Py and of the in-
plane component P ′

x/Pe to the resonant Roper multipoles M1− and S1−, as a function of
Q2 atW = 1440MeV.
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