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Preface

We were happy to host already the tenth Mini-Workshop on hadronic physics at
Bled and to see that the enthusiasm for this type of encounters has not waned. We
intend to continue with this series of meetings emphasising broad discussions be-
yond the time constraints of usual conferences. The beautiful environent of Lake
Bled also helped to more relaxed discussions and to strengthening the friendly
links during the hours of leisure.

An important issue is the description of hadronic resonances as decaying states
and obtaining correct hadronic decay widths. Another one is the understand-
ing of new resonances in the charmonium spectrum; are they tetraquarks, or just
threshold- or open-channel effects? Even the low-energy scalar mesons seem to
be too numerous and excite the imagination of theorists: are they tetraquarks, ex-
otics, or just analytic continuations of the resonance pole in the second Riemann
sheet? These considerations of quark states and their coupling to the continuum
matched well the central topic of our meeting.

There were also excellent experimental reviews. Measurements at Mainz and Jef-
ferson Lab reveal numerous puzzles in the Roper resonance. A theoretical ex-
planation of some of them was presented, assuming a two-step process via the
A resonance or via 0 meson. The twelve new resonances in charmonium spec-
trum are further documented at Belle and excite several theoretical speculations.
The interest in double-strange hypernuclei has been revived at MAMI with the
prospect to see = hypernuclei in near future; the =-N interaction would be an
interesting test of quark-model calculations presented at this Workshop.

The idea that the Y-shaped effective potential in the 3g-system dominates was
further developped using new methods for baryon spectra. Oher methods for
baryon spectra include the 1/N. expansion with spectrum-generating algebra.

Tetraquarks continue to excite. How to distinguish them from hybrids and from
threshold effects? Does one distinguish them in recent Lattice QCD calculations?
Can tetraquarks be described as two-diquark systems? Related questions for sys-
tems with pentaquark configurations abounded as well.

New lessons on relativity served as a reminder to nonrelativistic participants.

Ljubljana, November 2008 M. Rosina
B. Golli
S. Sirca
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p.1
Hypernuclear physics as seen by an experimenter

P. Achenbach

Institut fiir Kernphysik, Joh. Gutenberg-Universitdt, Mainz, Germany

In the new millennium hypernuclear physics is undergoing a renewed inter-
est, both theoretically and experimentally.

Hadrons and nuclei are understood as many-body systems made of quarks
and gluons, bound by the strong force. Information on baryon-baryon interac-
tions is mainly obtained from nuclear experiments with projectiles and targets
out of nucleons, addressing interactions in flavour SU(2) only. The difficulties to
study hyperon-nucleon (YN) and hyperon-hyperon (YY) interactions by reaction
experiments are related to the practical problems in the preparation of low en-
ergy hyperon beams and the impossibility of hyperon targets due to the short
(~200 ps) life-times of hyperons. The investigation of a hypernucleus, where one
or more nucleons have been replaced by one or more hyperons, allows address-
ing a rich spectrum of physics topics ranging from genuine nuclear physics to
particle physics. Although fifty years have already passed since the discovery of
the first hypernuclear events, studies of hypernuclei are still at the forefront of nu-
clear physics. The presence of the hyperon can induce several effects on the host
nucleus, like changes of both size and shape, modification of cluster structure,
manifestation on new symmetries or changes of nucleon collective motions. One
of the most spectacular effects, observed so far in what is called impurity nuclear
physics, is the shrinking of the nucleus core. Such a behaviour can be considered
a precursor of matter condensation induced by strange particles.

Only recently, it has already been demonstrated that hypernuclei can be used
as a micro-laboratory to study YN and YY interactions. In the case of AN interac-
tion, the spin-orbit term has been found to be smaller than that for the nucleon.
In a recent experiment at BNL the spacing of the (5/2%,3/2") doublet in % Be was
measured to be (43 £ 5)keV [1]. Although these small spin splittings can only
be observed using gamma spectroscopy, reaction spectra are equally important
because they provide the complete spectrum of excitations. In addition, experi-
mental data on medium to heavy single A hypernuclei have shown a much larger
spin-orbit splitting than observed in light hypernuclei [2].

Hypernuclei physics, born and developed mainly in Europe, has seen a re-
naissance at the turn of the century. Until now, experimental information has
mainly come from meson-induced reactions and most recently from coincident
y-ray spectroscopy of hypernuclei. Even though a number of new experimen-
tal techniques have been developed for the hypernuclear spectroscopy in the last
decade, our knowledge is still limited to a small number of hypernuclei. The large
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variety of novel experimental approaches to hypernuclei will provide a wide ba-
sis for a comprehensive understanding of strange hadrons in cold nuclear sys-
tems. The spectroscopy of single A- and double AA-hypernuclei will remain one
of the most valuable tools for the experimental investigation of strangeness nu-
clear physics in the near future.

1 The hypernuclear programme at MAMI

At the Institut fiir Kernphysik in Mainz, Germany, the microtron MAMI has been
upgraded to 1.5GeV electron beam energy and can now be used to study strange
hadronic systems [3].

Electron beams have excellent spatial and energy definitions, and targets can
be physically small and thin (10 — 50 mg/cm?) allowing studies of almost any
isotope. The cross-section for the reaction, o ~ 140nb/sr on a '?C target as first
measured at Jefferson Laboratory in Experiment E89-009 [4], is small compared
to strangeness exchange n(K~, 717 )A or associated production n(7t*, K*)A. This
smallness can be well compensated in electro-production by the available large
electron beam intensities, but often the resulting electromagnetic background is
limiting the reaction rates.

f2]
o
o
D
o
o

g g o
= 500 = 500 10
Q [ — °
s S R
= 400 \\ = 400 20
£ e—— | £
2 300 — . — 2 300
£ £
S 200 — S 200 \
8 100(|—10° 8 100 —
0] o [o]
@ 20 @
1000 1200 1400 1600 1800 2000 0 500 1000 1500 2000
Photon energy (MeV) Beam momentum (MeV/c)

Fig.1. Recoil momentum for strangeness electro-production (left) and strangeness ex-
change (right) reactions at three different kaon angles are shown as a function of the en-
ergy of the virtual photon, respectively the beam momentum. Reaction cross-sections and
transition amplitudes to individual states depend strongly on the recoil momentum.

In order to produce a hypernucleus, the hyperon emerging from the reac-
tion has to be bound in the nucleus. Reaction cross-sections and transition am-
plitudes to individual states depend strongly on the transferred momentum to
the hyperon. If the momentum transfer is large compared with typical nuclear
Fermi momenta, the hyperon will preferentially leave the nucleus. The (K~ 7t™)
reaction is characterised by the existence of a “magic momentum” where the re-
coil momentum of the hyperon becomes zero as is shown Fig. 1. It populates,
consequently, substitutional states in which a nucleon is converted to a A in the
same state. The (e, e’K™) reaction, on the other hand, produces neutron-richer
A hypernuclei converting a proton to a A hyperon and transfers a large recoil
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momentum to a hypernucleus. This reaction is preferable when high-spin hy-
pernuclear states are studied. In addition, this reaction has the unique charac-
teristic of providing large amplitudes for the population of spin-flip hypernu-
clear states with unnatural parities [5], such as (vp3 /12 JA $1,2)27, where the spin

quantum number, J¥ = 27, of the nucleon-hole A-particle state has maximum
J=v1l4+Al+1=140+1=2.

KAOS is a very compact magnetic spectrometer suitable especially for the
detection of kaons, that was used before at GSI in a single-arm configuration [6].
During the last years it was installed at the Mainz microtron MAMI in the existing
spectrometer facility operated by the Al collaboration [7]. In the very near future
the spectrometer will be set-up for the first time with tracking detectors arranged
in two arms, to either side of the main dipole. The special kinematics for electro-
production of hypernuclei requires the detection of both, the associated kaon and
the scattered electron, at forward laboratory angles. The KAOS spectrometer will
cover simultaneously electron scattering angles close to 0° and kaon scattering
angles around 5° up to 15° in order to extract dynamical information from the K*
angular distribution [8].

Beam

Hadron Arm )
Instrumentation

Electron Arm
Instrumentation

Fig.2. Overview of the KAOS spectrometer of the Al collaboration at the Mainz microtron
MAMLI: electrons and hadrons are detected simultaneously under small scattering angles.
Charged particle trajectories through the spectrometer are shown by full lines. The electron
arm tracking detector will be located close to the electron beam. High radiation levels are
expected at that position.

The KAOS spectrometer’s electron arm detectors will operate close to zero
degrees scattering angle and in close proximity to the electron beam. Fig. 2 shows
a schematic drawing of the set-up in the spectrometer hall. The magnet bends
the central trajectory on both sides by ~45 degrees with a momentum dispersion
of 2.2cm/%. The first-order focusing is realized as seen in Fig. 2. In addition to
a broad neutron spectrum high electromagnetic background levels are expected
at the detector locations. It is consequently imperative to operate radiation hard
and intrinsically fast detectors.
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While the instrumentation of the hadron arm is operational, a new coordi-
nate detector of the spectrometer’s electron arm is under development [9,10]. It
will consist of two vertical planes of fibre arrays (x and 8), covering an active area
of Lx H ~2000 x 300 mm?, supplemented by one or two horizontal planes (y and
¢). The 18,432 fibres of the vertical tracking detectors will be connected to 4,608
electronics channels with logic signals fed into the level-1 trigger. The track infor-
mation will be used to reconstruct the target coordinates and particle momentum,
and the time information used to determine the time-of-flight of the particle from
target to the detection planes. New front-end electronics has been developed for
the fast signals of more than 4,000 MaPMT channels of the fibre detector in the
KAOS spectrometer’s electron arm.
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Fig.3. (color online) Simulated correlation between electron and kaon momenta, where X
(blue, left) and A (green, centre) hyperons have been generated for the elementary produc-
tion off the proton and the *B hypernuclei (red, right) have been generated for a carbon
target. The rectangular box indicates the simultaneous momentum acceptance of the KAOS
spectrometer in its two-arm configuration.

In Fig. 3 the simulated correlation in electro-production between the elec-
tron momentum and the kaon momentum is plotted, where A and I hyperons
have been generated for the elementary production off the proton and the }*B
hypernuclei have been generated for a carbon target. The events have been gen-
erated randomly in phase-space and weighted by a factor for the virtual photon
flux and the modelled transition form factor. In the Monte Carlo, the production
probability was assumed to drop exponentially with the relative momentum be-
tween A hyperon and core nucleus and typical values of o, = 100MeV/c and
kr =200MeV/c were assumed. The rectangular box in Fig. 3 indicates the simul-
taneous momentum acceptance of the KAOS spectrometer. Its large momentum
acceptance covers the quasi-free process as well as the hypernuclear production
reaction. In practice, this fact will simplify the identification of the hypernuclear
events in the data sample.

It is currently planned to perform a first experiment with two complete ver-
tical planes of the fibre detector in the KAOS spectrometer’s electron arm in 2009.



Hypernuclear physics as seen by an experimenter 5

The hypernuclear programme will follow as soon as the two-arm configuration
of the spectrometer is operational and the magnet optics is determined in such a
way that sub-MeV mass resolution is possible. The latter situation is assumed to
be reached in late 2009 or early 2010.

2 The HypHI experiment

Until recently hypernuclear spectroscopy has been restricted to the investigation
of hypernuclei close to the valley of beta-decay stability as in most experiments
targets made of stable nuclei are used with meson and electron beams. The re-
cently proposed HypHI project (Hypernuclear spectroscopy with stable heavy
ion beams and rare-isotope beams) is dedicated to hypernuclear spectroscopy
with stable heavy ion beams and rare isotope beams at GSI, Germany, and FAIR,
the Facility for Antiproton and Ion Research [11]. This approach has some ad-
vantages: firstly, it is possible to investigate a number of hypernuclei simultane-
ously in a single experiment and secondly the hypernuclei are created at extreme
isospins. The observation of the A-hypernucleus decay modes offers the unique
opportunity to look at the four-baryon, strangeness-changing, weak vertex. The
determination of the relative weights of the different decay channels represents
a long-standing puzzle. The HypHi project is divided into four phases. To study
the feasibility of hypernuclear spectroscopy with heavy ion beams the phase 0
experiment was proposed [12], aiming at the identification of the 7~ decay chan-
nels of 3 H, 4 H and 3 He produced by °Li 2 AGeV beams impinging on a '*C
target of 8 g/cm? mass.

Hypernuclear production via heavy ion collisions is described by the partici-
pant-spectator model and was first studied theoretically by Kerman and Weiss
[13]. In the collisions hyperons are produced in the participant region with a wide
rapidity distribution centered around mid-rapidity. Hypernuclei can be formed
in coalescence of hyperon(s) in the projectile fragments, with the velocity of hy-
pernuclei close to the projectile velocity with 3 > 0.9. Decays of hypernuclei can
be studied in-flight, and most of their decay vertices are a few tens of a centimetre
behind the target at which hypernuclei are produced.

The experimental set-up, which will consist of an analysing dipole magnet
as well as time-of-flight (TOF) and tracking detectors, was designed to measure
the invariant mass of particles decaying behind the target. The TOF branch will
consist of a start detector and two position-sensitive TOF walls for positive and
negative charged particles, placed behind the dipole. In addition, the scintilla-
tors will provide energy deposit information for the charge identification of the
registered particles. Three tracking detectors made of scintillating fibres will be
positioned between target and magnet and will be used to trigger readout sys-
tem on events which contain a decay vertex behind the target. The fibre detector
will also become crucial in distinguishing the hypernuclei 4 H and 3 H from the
background containing o and A particles produced at the target.

A further advantage of this approach is that hypernuclei are produced as
projectile fragments at beam rapidity that will open a way to direct measure-
ments of hypernuclear magnetic moments. In meson and electron beam induced
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experiments, recoil momenta of produced hypernuclei are small. Therefore, it has
been impossible so far to conduct direct measurement on hypernuclear magnetic
moments by means of spin precession in strong magnetic fields. This is one of the
goals of the final project phase.

3 The hypernuclear programme at PANDA

The single hypernuclei research programme will be complemented by experi-
ments on multi-strange systems with PANDA at the planned FAIR facility. The
PANDA hypernuclear programme shall reveal the AA strong interaction stren-
gth, not feasible with direct scattering experiments [14,15]. In the anti-proton stor-

_=

age ring HESR relatively low momentum =~ will be produced in pp — = =" or

—_

=—Z° reactions. The associated = will scatter or annihilate inside the residual nu-
cleus. The annihilation products contain at least two anti-kaons that can be used
as a tag for the reaction. Due to the large yield of hyperon-antihyperon pairs pro-
duced a high production rate of single and double hypernuclei in an active sec-
ondary target under unique experimental conditions will be feasible. High res-
olution y-ray spectroscopy based on high-purity germanium (HPGe) detectors
represents one of the most powerful means of investigation in nuclear physics:
the introduction of this technique determined a significant progress in the knowl-
edge of the nuclear structure. Consequently, for the high resolution spectroscopy
of excited hypernuclear states an efficient, position sensitive HPGe array is fore-
seen. To maximise the detection efficiency the detectors must be located as close
as possible to the target. Hereby the main limitation is the load of particles from
background reactions. Most of the produced charged particles are emitted into
the forward region. Since the y-rays from the slowly moving hypernuclei are
emitted rather isotropically the HPGe detectors will be arranged at backward
axial angles 6 > 100°. A full simulation of the hypernuclei detector’s geometry
has been completed.

Fig.4. Simulated set-up with HPGe cluster detectors (left) situated at backward angles for
hypernuclei experiments at PANDA (right). The beam enters from left.
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Fig. 4 shows the simulated y-ray spectroscopy set-up with several HPGe
cluster detectors (each comprising 3 crystals). A small fibre barrel read-out by sil-
icon photomultiplier has been discussed as an option for a time-of-flight start de-
tector to identify hypernuclear reactions. For this sub-detector system the achiev-
able time resolution at minimum detector mass is a main issue.

The hypernuclear physics addressed by this experiment is currently discus-
sed in the upcoming ,,PANDA Physics Book”. In the planned set-up there exist
many experimental challenges and several European research groups are work-
ing on the realisation of the detectors. A detailed design will be available in the
mid-term future. When reflecting upon the state of the preparations for this set-
up, one should be aware that the construction of the anti-proton storage ring and
the PANDA experiment has not yet started.

Acknowledgements
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Light and heavy baryon masses: the 1/N. expansion
and the quark model*

F. Buisseret®, C. Semay*“, F. Stancu®, N. Matagne®

“Groupe de Physique Nucléaire Théorique, Université de Mons-Hainaut, Place du
Parc 20, B-7000 Mons, Belgium

bUniversi’fy of Liege, Institute of Physics B5, Sart Tilman, B-4000 Liege 1, Belgium
“Institut fiir Theoretische Physik, Universitiat Giessen, D-35392 Giessen, Germany

Abstract. We establish a connection between the quark model and the 1/N. expansion
mass formulas used in the description of baryon resonances. We show that a remarkable
compatibility exists between the two methods in the light and heavy baryon sectors. In
particular, the band number used to classify baryons in the 1/N. expansion is explained
by the quark model and the mass formulas for both approaches are consistent.

1 Introduction

Since pioneering work [1] in the field, the standard approach for baryon spec-
troscopy is the constituent quark model. The Hamiltonian typically contains a
spin independent part formed of the kinetic plus the confinement energies and
a spin dependent part given by a hyperfine interaction. The quark model results
are de facto model dependent; it is therefore very important to develop model
independent methods that can help in alternatively understanding baryon spec-
troscopy and support (or not) quark model assumptions. Apart from promising
lattice QCD calculations [2], large N. QCD, or alternatively the 1/N. expansion,
offers such a method. In 1974 "t Hooft generalized QCD from SU(3) to an arbitrary
number of colors SU(N.) [3] and suggested a perturbative expansionin 1/N, ap-
plicable to all QCD regimes. Witten has then applied the approach to baryons [4]
and this has led to a systematic and predictive 1/N. expansion method to study
static properties of baryons. The method is based on the discovery that, in the
limit N. — oo, QCD possesses an exact contracted SU(2N¢) symmetry [5] where
Ny is the number of flavors. This symmetry is approximate for finite N so that
corrections have to be added in powers of 1/N.. Notice that a baryon is a bound
state of N. quarks in the large N, formalism.

The 1/N. expansion has successfully been applied to ground state baryons,
either light [6,7] or heavy [8,9]. Its applicability to excited states is a subject of cur-
rent investigations. The classification scheme used in the 1/N. expansion for ex-
cited states is based on the standard SU(6) classification as in a constituent quark

* Based on talks presented by F. Buisseret and F. Stancu
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model. Baryons are grouped into excitation bands N =0, 1, 2,..., each band con-
taining at least one SU(6) multiplet, the band number N being the total number
of excitation quanta in a harmonic oscillator picture.

The purpose of the present paper is to show that there is a compatibility
between the quark model and the 1/N. expansion methods. It is organized as
follows. We first give a summary of the 1/N. expansion method in Sec. 2. Then
we present a relativistic quark model in Sec. 3 and derive analytic mass formulas
from its Hamiltonian in Sec. 4. The comparison between the quark model and the
1/N. mass formulas is discussed in Sec. 5 and conclusions are drawn in Sec. 6. We
point out that the results summarized hereafter have been previously presented
in Refs. [10,11] for the light baryons and [12] for the heavy baryons. This work
aims at being a pedagogical overview of these last three references.

2 Baryons in large N. QCD

2.1 Light nonstrange quarks

We begin with a summary of the 1/N. expansion in the case N¢ = 2, but the argu-
ments are similar for any N¢. The contracted SU(2N¢) symmetry is here the group
SU(4) which has 15 generators: The spin and isospin subgroup generators S; and
Tq and operators acting on both spin and isospin degrees of freedom denoted by
Gia l,a=1,2,3).

The SU(4) algebra is

[Si,Tal =0, [Si,Gjal =1€ikGka, [Ta, Giv] = i€abcGic,

. . i i
[S1,S;] = i€k Sk, [Ta, Tol =1ieaveTe, [Gia, Gjpl = Z5ij€abcTc + Z5ab€ijk5k-

In the limit N¢ — oo one has [Giq, Gjb] — 0 which implies the existence of a
contracted algebra. These SU(4) generators form the building blocks of the mass
operator, at least in the ground state band (N = 0). For orbitally excited states the
generators (' of SO(3), as well as the tensor operator ¢!2)9 also appear since the
symmetry under consideration is extended to SU(4) ® SO(3).

In the 1/N. expansion the mass operator M has the general form

M = ZciOi, (1)

where the coefficients c; encode the QCD dynamics and have to be determined
from a fit to the existing data, and where the operators O; are SU(4) ® SO(3)

scalars of the form 1

Nt

O: ol .ol )
Here Ofgk) is a k-rank tensor in SO(3) and 0(51;) a k-rank tensor in SU(2)-spin,
but invariant in SU(2)-flavor. The lower index i in the left hand side represents
a specific combination. Each n-body operator is multiplied by an explicit factor
of 1/NI! resulting from the power counting rules [4], where n represents the
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minimum of gluon exchanges to generate the operator. For the ground state, one
has k = 0. For excited states the k = 2 tensor is important. In practical applications,
it is customary to include terms up to 1/N. and drop higher order corrections of
order 1/N2.

As an example, we show the operators used in the calculation of the masses
of the [70, 1] multiplet up to order 1/N. included [13] (the sum over repeated
indices is implicit)

1 1

1 .. .
:N 1 :—el t :_TU.TU. = gt
01 =Nel, 0y= =l 05 = =T°T%, 04 = =S'S",
15 2145 ~ia g 3 jitani
05 = (UGG, 0 = FU'TG™. ®)
NZ NZ

Note that although Os and Og carry a factor of 1/N? their matrix elements are
of order 1/N. because they contain the coherent operator G'® which brings an
extra factor N.. O7 = N, 1is the trivial operator, proportional to N, and the only
one surviving when N. — oo [4]. The operators O, (spin-orbit), Os and Og are
relevant for orbitally excited states only. All the SU(4) quadratic invariants S'S?,
TaTe and G'“G'® should enter the mass formula but they are related to each
other by the operator identity [7]

{SL,S'} +{T*, T} +4{G'*, G} = %NC(3NC+4), 4)

so one can express G'*G'® in terms of S!St and TeT¢.
Assuming an exact SU(2)-flavor symmetry, the mass formula for the ground
state band up to order 1/N. takes the following simple form [7]

M_c]Nc+c4Nicsz+o<Ni§>, @)
which means that for N = 0 only the operators O and O4 (spin-spin) contribute
to the mass.

Among the excited states, those belonging to the N = 1 band, or equivalently
to the [70, 17] multiplet, have been most extensively studied, either for N¢ = 2
(see e.g. Refs. [14-18]) or for N¢ = 3 [19]. The N = 2 band contains the [56,07],
[56,27],(70,¢"] (£ =0, 2),and [20, 1] multiplets. There are no physical resonances
associated to [20,1"]. The few studies related to the N = 2 band concern the
[56’,07] for N¢ =2 [20], [56,2"] for N¢ = 3 [21], and [70, {*] for N¢ = 2 [22], later
extended to N¢ = 3 [23]. The method has also been applied [24] to highly excited
non-strange and strange baryons belonging to [56,4"], the lowest multiplet of the
N =4 band [25].

The group theoretical similarity of excited symmetric states and the ground
state makes the analysis of these states simple [21,24]. For mixed symmetric states,
the situation is more complex. There is a standard procedure which reduces the
study of mixed symmetric states to that of symmetric states. This is achieved by
the decoupling of the baryon into an excited quark and a symmetric core of N. —1
quarks. This procedure has been applied to the [70, 1] multiplet [14-19] and to
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the [70,¢"] (¢ = 0, 2) multiplets [22,23]. But it has recently been shown that the
decoupling is not necessary [13], provided one knows the matrix elements of the
SU(2N¢) generators between mixed symmetric states. The derivation of these ma-
trix elements is not trivial. For SU(4) they have been derived by Hecht and Pang
[26] in the context of nuclear physics and adapted to quark physics in Ref. [13],
where it has been shown that the isospin-isospin term becomes as dominant in A
as the spin-spin term in N resonances.

The derivation of SU(6) matrix elements between mixed symmetric states
[N. —1,1] is underway [27].

A detailed description of the problems raised by the standard procedure [17]
of the separation of a system of mixed spin-flavour symmetry [N. — 1,1] into a
symmetric core of N — 1 quarks and an excited quark has been given in Refs.
[28,29].

2.2 Inclusion of strangeness

For light strange baryons (N = 3) the mass operator in the 1/N. expansion has
the general form
M = Z ciOi + Z diBy, (6)
i=1 i=1

where the operators O; are invariants under SU(6) transformations and the opera-
tors By explicitly break SU(3)-flavor symmetry. In the case of nonstrange baryons,
only the operators O; contribute, see Eq. (1). Therefore B; are defined such as
their expectation values are zero for nonstrange baryons. The coefficients d; are
determined from the experimental data including strange baryons. In Eq. (6) the
sum over i is finite and in practice it containes the most dominant operators. Ex-
amples of O; and B; can be found in Refs. [21,23,24].

Assuming that each strange quark brings the same contribution AM; to the
SU(3)-flavor breaking terms in the mass formula, we define the total contribution
of strange quarks as [11]

ns AMs = Z diBy, @)
i=1
where ng = —S§ is the number of strange quarks in a baryon, S being its strange-
ness.

2.3 Heavy quarks

The approximate spin-flavor symmetry for large N. baryons containing light
q = {u,d, s} and heavy Q = {c, b} quarks is SU(6)x SU(2). x SU(2)y, i.e. there
is a separate spin symmetry for each heavy flavor. Over a decade ago the 1/N.
expansion has been generalized to include an expansion in 1/mg and light quark
flavor symmetry breaking [8]. The majority of the currently available experi-
mental data concerning heavy baryons is related to ground state baryons made
of one heavy and two light quarks [30]. Such heavy baryons, denoted as qqQ
baryons, have been recently reanalyzed within the combined 1/N. and 1/mg ex-
pansion [9], and masses in good agreement with experiment have been obtained.
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A first attempt to extend this framework to excited heavy baryons can be found
in Refs. [31] but much work remains to be done in this field. That is why we focus
here on the N = 0 band for qqQ baryons only.

Let us first consider that SU(3)-flavor symmetry is exact. In this case the mass
operator M") is a flavor singlet and in the combined 1/mq and 1/N. expansion
to order 1/ mé it takes the following form

M = mql+Aqq +2Aq +Aqaq- ®)

The leading order term is mq at all orders in the 1/N, expansion. Next we have
d - 1 ’ Cé 2

Agqq = co N¢ 1—|——Iqq, an )\Q—NQE C01+N—%]qq ) )

where J 44 is identical to the total spin Sy of the light quark pair when one deals
with the N = 0 band. Note that A44 contains the dynamical contribution of the
light quarks and is independent of mg while Ag gives 1/mq corrections. The last
term, Aqqq, contains the heavy-quark spin-symmetry violating operator which
reads

//

}‘qu = (10)

where J g is identical to the spin SQ of the heavy quark

The unknown coefficients cg, ¢, co, cz, and (:2 are functions of 1/N. and
of a QCD scale parameter A. Each coefficient has an expansion in 1/N. where
the leading term (in dimensionless units) is of order unity and does not depend
on 1/mq. Thus, without loss of generality, by including dimensions, one can set
co = . The quantity A, as well as the other coefficients, have to be fitted to the
available experimental data. In agreement with Ref. [8], we take

co=A, c2~A c(; ~ c2 ~ cg ~ A% (11)

The inclusion of SU(3)-flavor breaking leads to an expansion of the mass
operator in the SU(3)-violating parameter € which contains the singlet M(!), an
octet M(8), and a 27-plet M(?7). The last term brings contributions proportional
to €% and we neglect it. For M(®) we retain its dominant contribution T# to order
N2. Then the mass formula becomes

M =MD 4 T8, (12)

The flavor breaking parameter € is governed by the mass difference mg; — m
(where m is the average of the m,, and m4 masses) and therefore is e ~ 0.2-0.3.
It is measured in units of the chiral symmetry breaking scale parameter Ay ~ 1
GeV.

3 Quark model for baryons

3.1 Main Hamiltonian

The quark model used here to describe baryons aims at capturing the main phys-
ical features of a three-quark system while keeping the formalism as simple as
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possible in order to get analytical mass formulas. It contains: Relativistic kinetic
energy for the quarks, Y-junction confining potential, one-gluon exchange poten-
tial and quark self-energy contribution added as perturbative terms. Let us now
shortly describe all these ingredients.

A baryon, seen as a bound state of three valence quarks, can be described, at

the dominant order, by the spinless Salpeter Hamiltonian H = Zf:1 \/ P+ mi+
Vy, where m; is the bare mass of the quark i and where Vv is the confining inter-
action potential. We use the bare mass of the quarks in the relativistic kinetic en-
ergy term as suggested by the field correlator method [32], but other approaches,
like Coulomb gauge QCD, rather favor a running constituent quark mass [33].
Although very interesting conceptually, the influence of this choice on the mass
spectra should not be so dramatic than it could have been expected at the first
glance: First, the bare and constituent heavy quark masses are nearly identical.
Second, the constituent light quark masses quickly decrease at large momentum
and become similar to the bare masses; a common limit is reached for the excited
states. The situation is thus mainly different for low-lying nnn baryons (1 and d
quarks are commonly denoted as n), where the bare mass m,, can be set equal to
0, but where the constituent mass is about 300 MeV [33]. However, the strength
of additional interactions like one-gluon exchange (see next section) can be tuned
in both cases and lead to final mass spectra which are quite similar.

Both the flux tube model [34] and lattice QCD [35] support the Y-junction pic-
ture for the confining potential: A flux tube starts from each quark and the three
tubes meet at the Torricelli (or Steiner or Fermat) point of the triangle formed by
the three quarks, let us say the ABC triangle. This point T, located at xt, mini-
mizes the sum of the flux tube lengths and leads to the following confining po-
tential Vy = a Zf:] Ixi — x|, where the position of quark 1 is denoted by x; and
where a is the energy density of the flux tubes. If all the angles of ABC are less
than 120°, then the Toricelli point is such that the angles XT\B, B/T\C, and ATC are
all equal to 120°. If the angle corresponding to an apex is greater than 120°, the
Toricelli point is precisely at this apex.

As x7 is a complicated three-body function, it is interesting to approximate
the confining potential by a more tractable form. In the following, we shall use

3
He =) \/pZ+m?+ W, (13)
i=1
3
Ve =ka) [xi—Rl, (14)
i=1

where R is the position of the center of mass and k is a corrective factor [36].
The accuracy of the replacement (14) has been checked to be very satisfactory
(better than 5%) in this last reference provided that the appropriate scaling factor
is used: ko = 0.952 for qqq baryons and k; = 0.930 for qqQ baryons. For highly
excited states, the contribution of the configurations in which the Toricelli point
is located on one of the quarks becomes more and more important, and one could
think that the center of mass approximation (14) is then wrong. But in such cases
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the angle made by the Toricelli point and the other two quarks is larger than
120° and the center of mass is consequently still close to the true Toricelli point.
The approximation (14), although being less accurate for highly excited states,
remains however relevant.

3.2 Perturbative terms

Besides the Hamiltonian (13), other contributions are necessary to reproduce the
baryon masses. We shall add them as perturbations to the dominant Hamilto-
nian (13). The most widespread correction is a Coulomb interaction term of the

form
XS ij
0 e — 1
ge =—3 Z Pt (15)

arising from one-gluon exchange processes, where os ij is the strong coupling
constant between the quarks 1 and j. Actually, one should deal with a running
form «s(r), but it would considerably increase the difficulty of the computations.
Typically, we need two values: 0o = &s qq fora qq pair and o = xs 4o fora qQ
pair, in the spirit of what has been done in a previous study describing mesons in
the relativistic flux tube model [37]. There it was found that ot; /o ~ 0.7 describes
rather well the experimental data of qg and Qg mesons.

Another perturbative contribution to the mass is the quark self-energy. This
is due to the color magnetic moment of a quark propagating through the QCD
vacuum. It adds a negative contribution to the hadron masses [38]. The quark
self-energy contribution for a baryon is given by

Hgse = — Z a ml/‘s (16)

where 1 is the kinetic energy of the quark i, that is p; = <\ /pi2 + mi2 >, the aver-

age being computed with the wave function of the unperturbed spinless Salpeter
Hamiltonian (13). The factors f and 6 have been computed in quenched and un-
quenched lattice QCD studies; it seems well established that 3 < f < 4 and
(1.0 < & < 1.3) GeV [39]. The function 1(e) is analytically known; we refer the
reader to Ref. [38] for an explicit formula. It can accurately be fitted by

n(e)~1—pe? with p=285 for 0<e<0.3,

~ % with y=0.79 for 1.0<e <6.0. (17)
Let us note that the corrections depending on the parameter vy appear at order
1/ mfg in the mass formula, so they are not considered in this work.

We finally point out that the quark model we developed in this section is
spin independent. This neglect of the fermionic nature of the quarks is the reason
why such a model is often called “semirelativistic”: The implicit covariance is pre-
served, but spin effects are absent. Spin dependent contributions (spin-spin, spin-
orbit, etc.) typically come from relativistic corrections to the one-gluon exchange
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potential. It is useful to mention that in our formalism such potential terms be-
tween the quarks i and j should be of the form [32]

Vi o (i) (18)

4 Mass formulas

4.1 The auxiliary field method

The comparison between the quark model and large N. mass formulas would be
more straightforward if we could obtain analytical expressions. To this aim, the
auxiliary field method is used in order to transform the Hamiltonian (13) into an
analytically solvable one [40]. With A = k a, we obtain

3 3
7\2(Xj — R)z Vj
H(wi,vj) Z + ; {T + 7] . (19)

ji=1
The auxiliary fields, denoted as p; and vj, are operators, and H(y,v;) is equiva-
lent to H up to their elimination thanks to the constraints

Sy Hpi, Vi)l g, =0 = fi =/pZ +m?,

6V1H(ui’vj)‘vj:©i =0 = ﬁ?j = }\‘Xj —R‘ (20)

p +mf B
ZHJ

(fi;) is the quark kinetic energy, and (9;) is the energy of one flux tube, the aver-
age being computed with the wave function of the unperturbed spinless Salpeter
Hamiltonian (13). The equivalence relation between Hamiltonians (13) and (19)
is H(ﬁi,’vj) = H.

Although the auxiliary fields are operators, the calculations are considerably
simplified if one considers them as variational parameters. They have then to be
eliminated by a minimization of the masses, and their extremal values p; o and
vj o are logically close to (fi;) and (9;) respectively [40]. This technique can give
approximate results very close to the exact ones [41]. If the auxiliary fields are
assumed to be real numbers, the Hamiltonian (19) reduces formally to a non-
relativistic three-body harmonic oscillator, for which analytical solutions can be
found. A first step is to replace the quark coordinates x; = {x1,X2,x3} by the
Jacobi coordinates xl; ={R, &, 1 } defined as [42]

R = (m1x7 4+ p2x2 + H3x3)/He, with  pe = py + p2 + 3, (21)

and & o< X1 —x2, N < (X7 + p2x2)/(w1 + p12) —

In the case of two quarks with mass m and another with mass m3, the mass
spectrum of the Hamiltonian (19) is given by (11 = w2 = @, vi = v2 = v by
symmetry)

2 2
MU, 13, v, v3) = W (Ne+3/2)+ Wy (Ny+3/2) Fppy 220V T TS

—3 (22
2 H Zus()
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A w. — A U3 2u
VIV T 2 s v opsvs”
The integers N /,, are given by 2ng ,,, + {¢ s, where ng ,,; and { /,, are the radial
and orbital quantum numbers relative to the variable £/m respectively. More-
over, (£2) and (n?) are analytically known. This eventually allows to compute
< (x1 —x3 )2> and <(xz — X3 )2>, which are needed to know the one-gluon exchange
contribution.

The four auxiliary fields appearing in the mass formula (22) have to be elim-
inated by solving simultaneously the four constraints

where wg = (23)

0uM(u, u3,v,v3) =0, 0,,M(u,u3,v,v3) =0,
aVM(Ha H3vva’\/3) :O) aV3M(H» H3a’\/»’v3) =0. (24)

This task cannot be analytically performed in general, but solutions can fortu-
nately be found in the case of light and heavy baryons.

4.2 Light baryons

Since we do not distinguish between the u and d quarks in our quark model and
commonly denote them as n, there are only four possible configurations: nnn,
sss, nss and snn, that can all be described by the mass formula (22). Important
simplifications occur by setting m, = 0, which is a good approximation of the
u and d quark bare masses. However, the non vanishing value for ms causes
Egs. (24) to have no analytical solution unless a power expansion in ms is per-
formed. This is justified a priori since the strange quark is still a light one. After
such a power expansion, the final mass formula reads [10]

Mgqq = Mo + s AMos (mns =0,1,2,3),

Zkoaxo  3fa AM 7& 1 koaao f_a(i E)
V3 21’ 7 o |2 6v3u2  2m\4uj 82/ |’

1o = BN E] -

The mass formula Myq4 depends only on N = Nz + N,,. The contribution of
terms proportional to Ng — N;,, vanishing for ng = 0 and 3, was found to be very
weak in the other cases by a numerical resolution of Eqs. (24).

An important feature of the above mass formula has to be stressed: It only
depends on N the total number of excitation quanta of the system. But, this in-
teger is precisely the band number introduced in large N. QCD to classify the
baryon states in a harmonic oscillator picture. Indeed the spinless Salpeter Hamil-
tonian (13) has been transformed into a harmonic oscillator by the auxiliary field
method and it is thus natural that a such band number appears. The great ad-
vantage of the auxiliary field method is that it allows to obtain analytical mass
formulas for a relativistic Hamiltonian while making explicitly the band number
used in the large N classification scheme to appear. The origin of N is thus ex-
plained by the dynamics of the three-quark system and the comparison with the
1/N. mass formulas is therefore possible.

Mo = 6up —
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4.3 Heavy baryons

A mass formula for qqQ baryons can also be found from Eq. (22). An expansion
in my is still needed to get analytical expressions, but an expansion in 1/mgq can
also be done since we deal with one heavy quark. One obtains [12]

Mgqq = mq + M1 +ns AMis + AMq (ms =0

o k](l
M =4 — <OC()1 [0 N: +3 + 20 ) 7TLL]
m2 |1 kia 2k a fa / 3 )
M. = —8 [ — — — 42 — | — —
s = [z 2 <“0\/2Ng—|—3+ “WN13) 2 <4u$+52)
kia fa ®o [2Nj+3 2(2N, +3)
AMqg = 1— G(N,N,) — =2 v/ —1
7 2mg [( 2nu$> (N, Nn) 6\/2Ng+3< N+3

)

4ot 2Ny +3
3 N+3
kia(N+3
=SS Ny = N, 3 (VIN ) - VN, T3).

(26)

At the lowest order in mg and 1/mg, this mass formula depends only on N.
However, when corrections are added, the mass formula is no longer symmetric
in Ny, and N¢. Is it still possible to find a single quantum number? The answer is
yes, provided we make the reasonable assumption that an excited heavy baryon
will mainly “choose” the configuration that minimizes its mass.

The dominant correction of order 1/mg is the term that depends on the func-
tion G(N, Ny ). The baryon mass is lowered when G(N, N,,) is minimal, that is to
say for N;, = N. The analysis of the dominant part of the Coulomb term shows
that the baryon mass is also lowered in this case. So it is natural to assume that
the favored configuration, minimizing the baryon energy, is N, = N and Nz = 0.
It is also possible to reach the same conclusion by checking that an excitation of
type N;, will keep the baryon smaller in average than the corresponding excita-
tion in N¢. This is favored because of the particular shape of the potential, having
for consequence that the more the system is small, the more it is light.

As for light baryons, the quark model shows that heavy baryons can be la-
beled by a single band number N in a harmonic oscillator picture. A light diquark-
heavy quark structure is then favored since the light quark pair will tend to re-
main in its ground state. Note that the diquark picture combined with a detailed
relativistic quark model of heavy baryons leads to mass spectra in very good
agreement with the experimental data [43].

4.4 Regge trajectories

The band number N emerges from the quark model as a good classification num-
ber for baryons. It is now interesting to focus on the behavior of the baryon
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masses at large values of N, i.e. for highly excited states. In this limit, the for-
mula (25) gives

2
Miaq

~ 12ako(N +3) — %akooco - ]6f7fk° +6 [1 + fj[';gﬁ
Our quark model thus states that light baryons should follow Regge trajecto-
ries, that is a linear relation M? o N, with a common slope, irrespective of the
strangeness of the baryons. The Regge slope of strange and nonstrange baryons
is also predicted to be independent of the strangeness in the 1/N. expansion
method [44]. Too few experimental data are unfortunately available to check this
result. In the heavy baryon sector, the mass formula (26) with N = 0and N,, =N
becomes at the dominant order

] nsmf. (27)

(M—mQJZ:Sa%(N +3). (28)

This model predicts Regge trajectories for heavy baryons, with a slope of 8ak; /ko
~ 7.8a instead of 12aky ~ 11.4 a for light baryons.

The Regge slope for light baryons is here given by 12aky. However, from
experiment we know that the Regge slopes for light baryons and light mesons
are approximately equal. For light mesons, the exact value obtained in the frame-
work of the flux tube model is 27ta, a lower value than the one obtained from
formula (27). This is due to the auxiliary field method that has been shown to
overestimate the masses [45]. What can be it done to remove this problem is to
rescale a. Let us define o such that 12aky = 27o; then the formula (27) is able
to reproduce the light baryon Regge slope for a physical value o of the flux tube
energy density. The scaling a = mo/(6ko) will consequently be assumed in the
rest of this paper.

5 Large N. QCD versus Quark Model results

5.1 Light nonstrange baryons

The coefficients c; appearing in the 1/N. mass operator can be obtained from
a fit to experimental data. For example, the case N = 0 is particularly simple.
Equation (5) can be applied to N and A baryons. Taking N. = 3 together with
Mn = 940 MeV for S = 1/2, and M = 1232 MeV for S = 3/2, we get
N =289 Mev, ¢V =292 MeV. (29)
Since the spin-orbit contribution vanishes for N = 0, no information can be ob-
tained for c,. We refer the reader to Refs. [19,21,22,24] for the determination of c;
at N > 0.
In the 1/N. expansion method, the dominant term c; N in the mass for-
mula (1) contains the spin-independent contribution to the baryon mass, which
in a quark model language represents the confinement and the kinetic energy. So,
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Fig. 1. Plot of c} (left) and AM (right) versus the band number N. The values computed
in the 1/N. expansion (full circles) from a fit to experimental data are compared with the
quark model results with 0 = 0.163 GeV?, ap = 0.4, f = 3.6, and ms = 0.240 GeV (empty
circles and dotted line to guide the eyes). No data is available for N = 3 in large N studies.
The large N data are nearly indistinguishable from the quark model prediction in the left
plot.

it is natural to identify this term with the mass given by the formula (25). Then,
for N, = 3 we have

M2 27 47t fo
2 q4d49
— _— N .
¢ 0 5 o(N +3) o3 o 3

Figure 1 shows a comparison between the values of c7 obtained in the 1/N. ex-
pansion method and those derived from Eq. (30) for various values of N. From
this comparison one can see that the results of large N. QCD are entirely com-
patible with the formula (30) provided o = 0.163 GeV?, a rather low but still
acceptable value according to usual potential models, xp = 0.4, and f = 3.6:
These are very standard values.

Equation (18) implies that c; and c4 o py?. Therefore we expect the depen-
dence of N of these coefficients to be of the form

(30)

c—i cq = i (31)
27N+ PTN+3

We see that such a behavior is consistent with the large N, results in Fig. 2. We
chose ¢§ = 208 + 60 MeV so that the point with N = 1, for which the uncertainty
is minimal, is exactly reproduced. Let us recall that the spin-orbit term is van-
ishing for N = 0, so no large N, result is available in this case. To compute the
parameter c{ a fit was performed on all the large N, results. In this way we have
obtained ¢§ = 1062 + 198 MeV. Note that c§ > ¢3. This shows that the spin-spin
contribution is much larger than the spin-orbit contribution, which justifies the
neglect of the spin-orbit one in quark model studies.
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Fig.2. Values of c; (left) and c4 (right) versus the band number N. The values computed in
the 1/N. expansion (full circles) from a fit to experimental data are compared with results

from formula (31) (empty circles and dotted line to guide the eyes). No data is available
for N = 3 in large N. studies.

5.2 Light strange baryons

We have first to find out the values of AM coming from the 1/N. expansion. For
N =0, 1, and 3, they can be found in Ref. [44], and the case N = 4 is available in
Ref. [24]. The situation is slightly more complicated in the N = 2 band due to a
larger number of available results. We refer the reader to Ref. [11] for a detailed
discussion about the computation of AM; in this case.

The mass shift due to strange quarks is given in the quark model formalism
by AMys in Eq. (25). A comparison of this term with its large N. counterpart
is given in Fig. 1, where we used the same parameters as for light nonstrange
baryons. The only new parameter is the strange quark mass, that we set equal to
240 MeV, a higher mass than the PDG value but rather common in quark model
studies. One can see that the quark model predictions are always located within
the error bars of the large N, results. Except for N = 3, whose large N, value
would actually require further investigations, the central values of AM; in the
large N approach are close to the quark model results and they decrease slowly
and monotonously with increasing N. Thus, in both approaches, one predicts
a mass correction term due to SU(3)-flavor breaking which decreases with the
excitation energy (or N).

5.3 Heavy baryons

As mentioned previously, our present study is restricted to ground state heavy
baryons made of one heavy and two light quarks. In the 1/N., 1/mg expansion
the parameters to be fitted are A, mg and eA,. At the dominant order, the value
of A can be extracted from the mass combinations [8]

1 A 3 2A?
—motNeA,  1(EqH2Eh)—Ag =255, Ih-Ig=1 (o),
Ag =mg+NA 3(ZQ+2 Q) AQ 2NC Q 20 5 (Nch) (32)



22 F. Buisseret, C. Semay, F. Stancu, N. Matagne

resulting from the mass formula (8). Here and below the particle label represents
its mass. A slightly more complicated mass combination, involving light baryons
as well as heavy ones, directly leads to mq, that is [9]

1 175 1
§(AQ +2=q) — 7 g(ZN +3Z+A+25) - ﬁ(4A+3Z* +2=" + Q)| =mg.
(33)
This mass combination gives
me = 1315.1£0.2MeV, my =4641.9 £2.1 MeV, (34a)
while the value
A ~ 324 MeV (34b)

ensures that the mass combinations (32) are optimally compatible with the exper-
imental values for Q = c and b. A measure of the SU(3)-flavor breaking factor is

given by [8]
V3

EQ —/\Q = 7 (€/\X). (35)

The value (e/Ay) = 206 MeV leads to Zq — Aq = 178 MeV, which is the average
value of the corresponding experimental data.

The new parameters appearing in the quark model are m., myp, k1 = 0.930,
and «p. For the other parameters we keep the values fitted in the light baryon
sector. We take oy = 0.7 from the quark model study of Ref. [37]. The heavy
quark masses can be fitted to the experimental data as follows. The quark model
mass formula (26) is spin independent; it should thus be suitable to reproduce
the masses of heavy baryons for which JZ, = 0. Namely, one expects that

Muneln_o = Ae = 228646 + 0.14 MeV,  Munply_p = Ab = 5620.2 + 1.6 MeV.
(36)

These values are reproduced by formula (26) with m. = 1.252 GeV and my =
4.612 GeV. It is worth mentioning that we predict Myscly_o = 2433 MeV and
Munsbln_o = 5767 MeV with these parameters. These values are very close to the
experimental =. and =, masses respectively.

We can now compare the quark model and the 1/N., 1/mg mass formulas.
On the one hand the mass combination (33) leads to m, = 1315 MeV and my =
4642 MeV. On the other hand, the quark model mass formula (26) is compatible
with the experimental data provided that m. = 1252 MeV and my, = 4612 MeV.
Both approaches lead to quark masses that differ by less than 5%. Thus they agree
at the dominant order, where only mgq is present.

The other parameter involved in the large N, mass formula is A. A compar-
ison of the spin independent part of the mass formulas (8) and (26) leads to the
following identification for N, =3

1 4 2 |kimo
3 1IN=o 3N 77\ e (o +2V2x1)

fo

T8kom (37)

Co =
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with w1 = /ki7o/4ko. According to Egs. (11) and (34b) one has ¢y = A ~
0.324 GeV. The quark model gives 0.333 GeV for the expression after the second
equality sign in Eq. (37), which means a very good agreement for the QCD scale
A. The terms of order 1/mg lead to the identity

C(,) = ZmQ AMQ ‘N:O

kimo fo o 4oy
~ T6ko [3 (\fz_1) (1 B 1zkop$) 6 (ﬁ_]) +T] -G8

Note that to test this relation the value of mq is not needed, like for the iden-
tity (37). The large N parameter, A = 0.324 GeV, gives for the left hand side of
(38) cy ~ A% = 0.096 GeV? and the quark model gives for the right hand side 0.091
GeV?, which is again a good agreement. Finally, the SU(3)-flavor breaking term
is proportional to eAy ~ mg — m ~ my in the mass formula (12). Equations (12),
(26), and (35) lead to

V3
7€AX = AM]SlN:O

m2 |1 1 k7o fo 3
L ! (0604‘2\/2061)4' (m‘i‘é%)

w2 36m YV 2k 12ko 9

The large N value e/A, = 0.206 GeV and the quark model estimate 0.170 GeV
also compare satisfactorily. We point out that, except for m. and my, all the
model parameters are determined from theoretical arguments combined with
phenomenology, or are fitted on light baryon masses. The comparison of our re-
sults with the 1/N, expansion coefficients co, ¢, and €A, are independent of the
mq values. So we can say that this analysis is parameter free.

An evaluation of the coefficients c,, ¢4, and ¢4 through a computation of
the spin dependent effects is out of the scope of the present approach. But at the
dominant order, one expects from Eq. (18) that ¢, o u?z and ¢ « u1_1. The ratio
¢4 /c2 should thus be of order p; = 356 MeV, which is roughly in agreement with
Eq. (11) stating that c}'/c; ~ A. This gives an indication that the quark model
and the 1/N. expansion method would remain compatible if the spin-dependent
effects were included.

6 Conclusions

We have established a connection between the quark model and the 1/N. expan-
sion both for light baryons and for heavy baryons containing a heavy quark. In
the latter case the 1/N. expansion is supplemented by an 1/mq expansion due to
the heavy quark. A clear correspondence between the various terms appearing in
the 1/N. and quark model mass formulas is observed, and the fitted coefficients
of the 1/N. mass formulas can be quantitatively reproduced by the quark model.

These results bring reliable QCD-based support in favor of the constituent
quark model assumptions and lead to a better insight into the coefficients c; en-
coding the QCD dynamics in the 1/N. mass operator. In particular, the dynamical
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origin of the band number labeling the baryons in large N. QCD is explained by
the quark model.

As an outlook, we mention two important studies that we hope to make
in the future. First, the N = 1 baryons of qqQ type are poorly known in the
1/N¢, 1/mg expansion. They should be reconsidered and compared to the quark
model. Second, the ground state baryons made of two heavy quarks and a light
quark could be studied in a combined 1/N., 1/mq expansion-quark model ap-
proach, leading to predictions for the mass spectrum of these baryons.

Acknowledgement F.B. and C.S. thank the ER.S.-FNRS (Belgium) for financial
support.
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Abstract. We argue that the resonance-like structures Y(4260) [1,2], Y(4360), Y(4660) [3]
and Y(4635) [4], which were recently reported to have been observed in experiment, are
non-resonant manifestations of the Regge zeros that appear in the production amplitude
of the Resonance-Spectrum Expansion. Charmonium cc¢ states are visible on the slopes of
these enhancements.

In the Resonance-Spectrum Expansion (RSE) [5], which is based on the model of
Ref. [6], the meson-meson scattering amplitude is given by an expression of the
form (here restricted to the one-channel case)
2
o0 |gnL ‘

T(E) = { —2A*upi? (pro) Z T(E) | (1)
E EnL

where p is the center-of-mass (CM) linear momentum, E = E(p) is the total in-
variant two-meson mass, j¢ and hy ) are the spherical Bessel function and Hankel
function of the first kind, respectively, p is the reduced two-meson mass, and 1o
is a parameter with dimension mass~', which can be interpreted as the average
string-breaking distance. The coupling constants gni, as well as the relation be-
tween { and L = L({), were determined in Ref. [7]. The overall coupling constant
A, which can be formulated in a flavor-independent manner, represents the proba-
bility of quark-pair creation. The dressed partial-wave RSE propagator for strong
interactions is given by

~  lgnil
TMe(E) = § 1= 20N upje (pro) by (pro) ) ——— b . @
n—o £~ Enr

* Talk delivered by Eef van Beveren
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This propagator has the very intriguing property that it vanishes for E —
Ente. We will show in the following that this phenomenon can be, and has in-
deed been, observed in experiment, but not in scattering processes, as one easily
verifies that the RSE amplitude for strong scattering (1) does not vanish in the
limit E — Eni. However, for strong production processes, we derived in Ref. [§],
following a procedure similar to the one by Roca, Palomar, Oset, and Chiang [9],
a relation between the production amplitude P and the scattering amplitude T,
reading

P =i (pro) +iTehy (pro) 3)

which, using Egs. (2) and (1), can also be written as
Py =jo (pro) TTe(E) . 4)

From this expression we find, by the use of Eq. (2), that the production amplitude
tends to zero when E — Ent. This effect must be visible in experimental strong
production cross sections.

Actually, in Ref. [8] we found, for the complete production amplitude in the
case of multi-channel processes, that Eq. (4) represents the leading term, and that
the remainder is expressed in terms of the inelastic components of the scattering
amplitude. The latter terms do not vanish in the limit E — Eny, as we have seen
above. Hence, the production amplitude only vanishes approximately in this limit,
in case inelasticity is suppressed.

The reaction of electron-positron annihilation into multi-hadron final states
takes basically place via one photon, hence with J°¢ = 17~ quantum numbers.
Consequently, when the photon materializes into a pair of current quarks, which
couple via the qq propagator to the final multi-hadron state, we may assume
that the intermediate propagator carries the quantum numbers of the photon.
Moreover, alternative processes are suppressed.

We may thus conclude that, if we want to discover whether the propagator
really vanishes at E — Enr, then the ideal touchstone is e* e~ annihilation into
multi-hadron states. Furthermore, there also exist predictions for the values of
Ent, with L = 0 or L = 2, given by the parameter set of Ref. [10]. For cc one
finds in the latter paper Eo o = 3.409 GeV and w = 0.19 GeV, which results
for the higher c¢ confinement states in the spectrum E; o = Ep 2 = 3.789 GeV,
Ez‘o = E] 2= 4.169 GeV, Eg‘o = EZ,Z = 4549 GeV, e

The latter two levels of the c¢ confinement spectrum can indeed be clearly
observed in experiment. For example, the non-resonant signal in ete™ — mwi
P (2S) (see Fig. 5 of Ref. [3]) is divided into two substructures [11-13], since the
full c¢ propagator (2), dressed with meson loops, vanishes at E3 =4.55 GeV [10].
In the same set of data, one may observe a lower-lying zero at E; =4.17 GeV [10],
more distinctly visible in the data on ete™ — 77t ]/ (see Fig. 3 of Ref. [2]).
The true c¢ resonances can be found on the slopes of the above-mentioned non-
resonant structures, unfortunately with little statistical significance, if any.

In fact, in Ref. [1], where the BaBar Collaboration announced the observa-
tion of the Y(4260) structure in ete™ — w7t J /1, one reads: “no other structures
are evident at the masses of the quantum number JPC = 1= charmonium states, i.e.,



28 Eef van Beveren and George Rupp

the \(4040), \(4160), and \(4415)”. However, in Ref. [14], we demonstrated that
the BaBar data at about 4.15 GeV are consistent with the mass and width of the
VP (4160). Here, we will show that also the 1(4415) is clearly visible in the BaBar
data, possibly even with enough statistical significance.

So we indeed observe minima in production processes, which confirm van-
ishing qg propagators. Moreover, the qg confinement spectrum predicted 25 years
ago in Ref. [10] seems to agree well with experimental observations for vec-
tor mesons. Accordingly, we expect vector-meson qg resonances associated with
each of the Regge states: one ground state, dominantly in a qg S-wave, and two
resonances for each of the higher excited Regge states, viz. one dominantly in an
S-wave, and the other mostly in a D-wave. In Ref. [15], we reported on indications
for four, possibly five, new c¢ vector states, in the e"e~ — Al A amplitudes of
the Belle Collaboration [4]. Here, we will just concentrate on the 1(4S).

A full description of the "7t J /1 involves a three-body calculation. In the
present work, however, we will limit us to an effective two-body calculation for
(rtt7t) J /P, assuming for the 7t~ effective mass just a fraction of the available
phase space. Furthermore, we assume an S-wave for the relative orbital angular
momentum of the "7t -J /1 system. Under these assumptions, we obtain for the
amplitude the result depicted in Fig. 1a, for the case that the propagator of Eq. (2)
is substituted by a structureless vertex.

As expected, we observe no resonances in the amplitude of Fig. 1a. Next, we
suppress the effect of the resonance poles in the propagator of Eq. (2), such that
the zeros at E = Eni dominate production (see Eq. (4)). The resulting amplitudes
are shown in Figs. 1b and 1c. We observe that now our theoretical amplitude
is in rather good agreement with the data. There is an excess of data for energies
below 4.0 GeV, stemming from the tail of the {(3685) resonance, which dominates
the amplitude at lower masses and which is not accounted for in our amplitude.
Furthermore, in Ref. [14] we discussed the {(4160) resonance, which, since not
accounted for here, leads to an overestimate of the BaBar data by our theoretical
amplitude.

However, there is a rather large overestimate visible in Fig. 1c at the mass of
the 1(4415). In Fig. 1d, we show that the difference between data and our non-
resonant amplitude can be perfectly explained by accounting for a c¢ resonance
with mass and width consistent with the 1(4415). Moreover, the experimental
error bars indicate that sufficient statistics is available to include this resonance
in a data analysis for the non-resonant Y structures.

Summarizing, we have shown that the c¢ confinement spectrum, which un-
derlies scattering and production of multi-meson systems containing charmo-
nium qq pairs, can be observed in production amplitudes. Moremore, we have
shown that the c¢ resonance poles are present in the e et — J/Ppmtn ampli-
tude.
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Fig.1. The J/{(n"n~ ) invariant-mass distributions for the reaction e e™ — J/Ppn'n .
Data are taken from Ref. [1] (e) and Ref. [2] (¢). The theoretical results (solid lines) are
also discussed in the text: (a) shows the distribution for a non-resonant structureless c¢
propagator; (b) and (c) show the effect of Regge zeros in the cC vector propagator, thereby
suppressing the contributions of its c€ poles; (b) for just the Regge zero at 3.79 GeV; (c) for
the zeros at 4.17 and 4.55 GeV as well; (d) shows the additional effect of the c¢ resonance
pole in the propagator at 4.415 — 10.036 GeV [16].
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Abstract. We give a brief summary of our study of low-lying states in the Y-string three-
quark potential [1], currently under review. We study the masses of various three-quark
SU(6) multiplets in the N=0,1,2 shells, confined by the Y-string three-quark potential, at
four levels of approximation with increasing accuracy. We show the general trend of con-
vergence of these four approximations.

1 Introduction

The so-called Y-junction string three-quark potential, defined by

3
Vy = omi :— Xol. 1
y=omin }_[xi—X (1)

i=1

has long been advertised [2-7] as a natural description of the flux tube confine-
ment mechanism, that is allegedly active in QCD. Lattice investigations, Refs.
[8-10] contradict each other, however, in their attempts to distinguish between
the Y-string, Fig. 1, and the A-string potential, see Fig. 2, which is indistinguish-
able from the sum of three linear two-body potentials. One may therefore view
the present lattice results as inconclusive and await the next generation of calcu-
lations. Yet, one would wish to resolve this dilemma on a purely theoretical basis:
do these two kinds of string potentials predict sufficiently different baryon spec-
tra that can be differentiated by experiment? At this time one must use the quark
model in order to try and resolve this dilemma.

3
Va=0 Y Ixi—xl, 2)

i<j=1

Over the past 25 years, the Y-string potential has been used in several studies
of baryons in the (constituent) quark model with various hyperfine interactions
[4-6,11], and yet some of the most basic predictions of this potential, such as its in-
fluence on the splitting of the low-lying three-quark states have remained widely

* Talk presented by V. Dmitraginovi¢
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Fig.1. Three-quark Y-junction string potential.

Fig.2. Three-quark A-shape string potential.

unknown. That has to do with the technical complications in the implementa-
tion of the potential Eq. (1), that can best be seen when expressed in terms of the
three-body Jacobi coordinates p, A

p= \/Lz(xl —X2), 3)
A= \/Lg(m-l-xz—zxs), @)

as follows. The exact string potential Eq. (1) consists of the so-called Y-string, or
three-string term,

3
Vstring_VY—G\/E(92+)\2+2|9X}\|)a (@)

202 = V3p-A = —py/p? + 30 —2v3p A
when zpz+\/§p-7\2—p\/p2—l—3?\2+2\/§p-7\
3N —p? > 1\ /(p2 43072~ 12(p - A2
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and three angle-dependent two-part string, or the so-called V-string, terms,

vstring =0 (\/%(PZ +3A2 ‘|‘2\/§p : )\) + \/%(pz -|—3)\2 —2\/§p . A)) (6)

202 —V3p-A> —p\/p2 +3A%2—=2V3p A
when 2p2+\/§p-7\2—p\/p2+3?\2+2\/§p-7\
3N —p? < *%\/(pz +3M%)2 —12(p - A)2

Vstring =0 <\/§p + \/%(pz + 3)\2 +2\/§p . 7\)) (7)

2p2 —\V3p-A> fp\/p2+3>\2f2\/§p-7\
when ¢ 2p2 +1/3p A < —p\/p2+3?\2+2\/§p-7\
=02 = —1y/(p2 + 30%) — 12(p - A2

Vstring =0 <\/§p + \/%(pz + 3)\2 *2\/§p . 7\)) (8)

sz—ﬁp-Ag—p\/pz +3A2-2V3p A
when 292+\/§p-7\2—p\/p2+3?\2+2\/§p-7\ :
=02 = —1y/(p2 + 30 — 12(p - A2

Here, the reasons for the lack of use of the exact potential Eq. (1) become appar-
ent: i) it is a genuine three-body operator with a complicated and unusual (“area
term”) angular dependence under the square-root of the most important term
(the Y5junction string potential) that leads to the non-conservation of the indi-
vidual Jacobi relative coordinates” angular momenta and hugely complicates the
equations of motion; ii) the square-roots appearing in all four functional forms of
the potential make this task even more difficult; iii) the presence of four different
functional forms of the potential depending on the configuration space angles
makes the integration of the equations of motion difficult as one cannot easily
separate the angular and radial integrals.

In Sect. 2 we give a summary of how we address the above three problems.
A summary of our results is shown in Sect. 3. The final Section 4 contains a dis-
cussion of our results.

2 Approximations

First we address the above three problems: first, we deal with the angular mo-
mentum recoupling algebra necessary to deal with the non-conserved “partial”
angular momenta; second we deal with the square root(s) in the Y-string poten-
tial, and third we address all four forms of the string potential together.

Perhaps the most common, and the simplest approximation to the exact str-
ing potential Eq. (1) is the Y-string, or the three-string potential, Eq. (5), that is
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used in all geometries, i.e., even when one of the angles exceeds 120°. In that way
one avoids the cumbersome transition to the V-string potentials, see problem iii)
above. Still, even this simplified approximation suffers from two difficulties men-
tioned above: i) an unusual (“area term”) angular dependence under the square-
root that leads to the non-conservation of the individual Jacobi coordinates” an-
gular momenta; ii) the square-root. We shall address these problems in successive
steps: i) the area term turns out to be exactly (analytically) integrable in the har-
monic oscillator basis, that boils down to some (complicated) angular momenta
recoupling algebra and the value of a particular one-dimensional integral. Prob-
lem ii), the overall square root, can be treated, at first, by a series expansion, i.e.
in perturbation theory, using the angular algebra solution to problem i) and the
numerical evaluation of the remaining one-dimensional integral. It turns out that
the crucial ingredient for the solution of this problem is the application of the
so-called hyper-spherical coordinates/angles [12], more specifically the cosines
of the relative angle 0 between the Jacobi coordinates p, A and of the hyper-angle
2x defined by the ratio of the moduli p, A of the two Jacobi coordinates. Finally,
the third issue iii) (the presence of four different functional forms of the potential)
can be tackled as well, by numerically evaluating a two-dimensional integral in a
restricted region of the x — 6 sub-hyper-space.

3 Summary of Results

In the following we summarize the results of our study of the low-lying parts
of the energy spectra of three quarks confined by a pure Y-string potential, with-
out two-quark potentials, in four different approximations: 1) the area-dependent
part of the three-string potential as the first order perturbation of the harmonic os-
cillator; 2) the area-dependent part of the three-string potential as the first order
perturbation of the non-harmonic linear potential, i.e. the (approximate) three-
string potential expanded up to the first power in hyper-spherical angles; 3) the
(approximate) three-string potential to all orders in power expansion in hyper-
spherical harmonics, without taking into account the transition(s) to two-string
potentials; 4) the exact minimal-length string potential to all orders in power ex-
pansion in hyper-spherical harmonics, while taking into account the transition(s)
to two-string potentials. Our results are shown in Table 1 and Fig. 3.

An attractive Y-string potential always splits the N=K=2 band states into
degenerate SUrs(6) multiplets: [20,17],[70,27], [56,27],[70,07"], (in order of de-
scending mass) following approximately the Bowler and Tynemouth (BT) [13]
separation rule of 2:2:1. This rule is obeyed by approximations 1) and 2) exactly
and by approximation 3) at the level of one per cent corrections. The exact result
4) leads to the 2.25:2.18:1 splitting, i.e. the largest violation of the BT rule is less
than 13%.

The mass difference between the first (hyper-) radial excitation of the ground
state, that is the “Roper multiplet” 56 ,07], and the odd-parity K=N=1 [70,1"]
multiplet is entirely determined by the difference between and the first (hyper-)
angular and the first (hyper-) radial excitation eigen-energies in a linearly rising
hyper-radial potential, which is always negative.



34 V. Dmitraginovi¢, T. Sato, M. Suvakov
[20,17] ——
2A

[70,2'] —*— [56.07]

+ A *
[56,27] i 2.5¢A
(7007 ———

(a) (b) (©

Fig.3. Depiction of the energy splitting of the K = 2 states of the hyper-spherical linear
potential spectrum due to attractive three-body potentials: (a) the first-order perturba-
tion approximation to the “harmonic Y-string” potential; (b) the first-order perturbation
approximation to the first-power expansion in hyper-spherical coordinates of the “three-
string” potential (see text for definition); (c) non-perturbative results of the “three-string”
potential solved in hyper-spherical coordinates. The left-hand side of the diagram involv-
ing the [20,171,[70,2"1,[56,2"], [70, 0" ] multiplets is common to both kinds of potentials,
follows the Bowler-Tynemouth rule 2:2:1 to 1%; only the position of the [56, 0*] multiplet
(containing the Roper resonance) is variable.

In other words, the Roper resonance cannot be lowered below the odd-parity
K=N=1 states, irrespective of the string tension constant and the quark masses,
which are the only free parameters in this theory. Consequently, the energy spec-
trum pattern can not be improved, as compared with the desired /experimental
one, by a straightforward application of the Y-string three-body potential.

Table 1. The eigen-values of the unperturbed (solution to the hyper-central approxima-
tion, see the text) energy EI(\I?,K, and the two perturbative (EI(\I]K),K,L, EI(\i),K,L), and two non-
perturbative (EI(\I?,K,L’ EI(\;L),K,L) approximations, where the last one E1(<4) ; is the exact (nu-
merical) result, for the various low-lying K = 0,1,2 states (with all allowed orbital waves
L).

K Nk [su(e), L7 EQ) B0V EQT EDT R
0 0 [56,07] 38175 20000 46658 45182 45218
1 1 [70,17] 46582 53333 5.6934 55132 55176
0 1 [56,07] 52630 6.6667 64326 62290 62340
2 2 [70,07] 5.4290 6.3333 6.3942 6.2493 6.2665
2 2 [56,2"7] 5.4290 6.4667 6.4907 6.3199 6.3279
2 2 [70,2"] 5.4290 6.7333 6.6837 6.4604 6.4617
2 2 [20,17] 5.4290 7.0000 6.8767 6.5993 6.5999

4 Discussion

We have examined the qualitative and quantitative features of the energy spec-
trum in the Y-string three-quark potential and its differences from the two-body;,
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or the A-shaped string one. For this purpose we have studied the low-lying states
of the three-quark system (the “baryon”) in the Y-string potential (the A-string po-
tential had been studied in Ref. [14]). It turns out that the three lowest-lying bands
of states that form the (only) set of well-established (“four-star”) resonances, do
not as yet allow a clear distinction to be made between these two types of poten-
tials: there are too few states in these shells, and their wave functions are (tightly)
constrained by the permutation symmetry. This is a bit of a surprise, as these
two string potentials have (very) different functional forms, which we expected
to predict different physics:

So, it turns out that there is only one possible clue to the form of the confining
potential in the low-lying baryon resonance spectrum, viz. the Roper resonance’s
(abnormally low) mass, that perhaps could be used to draw conclusions about the
existence and /or preponderance of one kind of potential over the other. We have
shown, however, that the Y-shaped string always leads to a Roper resonance that
is heavier than the lowest-lying odd-parity resonance. This does not mean that
the spectra of the Y- and the two-body potentials are identical, rather, it means
that one must go to the higher lying bands, and in particular to higher orbital
angular momentum states, in order to see the difference between the two.

A detailed study of the possible interference of the two- and three-body po-
tentials on the position of the first hyper-radial excitation (the “Roper resonance”)
remains a task for the future. Moreover, the behavior of the Y-string in higher or-
bital angular momentum states remains another place to look for the differences
from the A-string.
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Abstract. The masses of the ground and excited heavy tetraquarks with hidden charm are
calculated within the relativistic diquark-antidiquark picture.

Recently, significant experimental progress has been achieved in charmo-
nium spectroscopy. Several new charmonium-like states, such as X(3872), Y(4260),
Y(4360), Y(4660), Z(4248), Z(4430), etc., were observed [1] which cannot be sim-
ply accommodated in the quark-antiquark (c¢) picture. These states and espe-
cially the charged ones can be considered as indications of the possible existence
of exotic multiquark states. In this talk we briefly review our papers [2,3] where
we calculated masses of the ground and excited states of heavy tetraquarks in
the framework of the relativistic quark model based on the quasipotential ap-
proach in quantum chromodynamics. For our calculations we use the diquark-
antidiquark picture to reduce a complicated relativistic four-body problem to the
subsequent two more simple two-body problems. The first step consists in the
calculation of the masses, wave functions and form factors of the diquarks, com-
posed from light and heavy quarks. At the second step, a heavy tetraquark is
considered to be a bound diquark-antidiquark system. It is important to empha-
size that we do not consider the diquark as a point particle but explicitly take
into account its structure by calculating the form factor of the diquark-gluon in-
teraction in terms of the diquark wave functions. Details of the relativistic quark
model and calculations can be found in [2,3].

In the diquark-antidiquark picture of heavy tetraquarks both scalar S (anti-
symmetric in flavour (Qq)s—o = [Qq]) and axial vector A (symmetric in flavour
(Qa)s=1 ={Qq}) diquarks are considered. Therefore we get the following struc-
ture of the (Qq)(Q@’) ground (1S) states (C is defined only for q = q'):

e Two states with JF€ =01+

X(0"") = (Qd)s=0(Qd")s—o
X0 =(Qq)s=1(Qq")s=1

* Talk presented by D. Ebert
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o Three states with ] = 1:

X(1+) = 2 [(Qa)s—1 (93" )s—0 + (Q@)s—0(Qq)s 1]

e One state with JP€ = 2++:

X(277) =(Qq)s=1(Qaq")s=1.

The orbitally excited (1P, 1D . ..) states are constructed analogously. As we find, a
very rich spectrum of tetraquarks emerges. However the number of states in the
considered diquark-antidiquark picture is significantly less than in the genuine
four-quark approach.

The diquark-antidiquark model of heavy tetraquarks predicts the existence
of a flavour SU(3) nonet of states with hidden charm or beauty (Q = c,b): four
tetraquarks [(Qq)(Qq), g = u, d] with neither open or hidden strangeness, which
have electric charges 0 or &1 and isospin 0 or 1; four tetraquarks [(Qs)(Qq) and
(Qq)(Qs), g = u, d] with open strangeness (S = +1), which have electric charges
0 or £1 and isospin % ; one tetraquark (Qs)(Qs) with hidden strangeness and
zero electric charge. Since we neglect in our model the mass difference of u and
d quarks and electromagnetic interactions, the corresponding tetraquarks will be
degenerate in mass. A more detailed analysis [4] predicts that the tetraquark mass
differences can be of a few MeV so that the isospin invariance is broken for the
(Qq)(Qq) mass eigenstates and thus in their strong decays. The (non)observation
of such states will be a crucial test of the tetraquark model.

In Table 1 we compare our results (EFG) for the masses of the ground and
excited charm diquark-antidiquark bound states with the predictions of Refs. [4]
and with the masses of the observed highly-excited charmonium-like states [1].
We assume that the excitations occur only between the bound diquark and an-
tidiquark. Possible excitations of diquarks are not considered. Our calculation
of the heavy baryon masses supports such a scheme [5]. In this table we give
our predictions only for some of the masses of the orbitally and radially excited
states for which possible experimental candidates are observed. The differences
in some of the presented theoretical mass values can be attributed to the sub-
stantial distinctions in the used approaches. We describe the diquarks dynami-
cally as quark-quark bound systems and calculate their masses and form factors,
while in Refs.[4] they are treated only phenomenologically. Then we consider the
tetraquark as purely the diquark-antidiquark bound system. In distinction, Maini
et al. consider a hyperfine interaction between all quarks which, e.g., causes the
splitting of 171 and 17~ states arising from the SA diquark-antidiquark compo-
sitions. From Table 1 we see that our dynamical calculation supports the assump-
tion [4] that X(3872) can be the axial vector 177 tetraquark state composed from
the scalar and axial vector diquark and antidiquark in the relative 1S state. Re-
cent Belle and BaBar results indicate the existence of a second X(3875) particle a
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Table 1. Comparison of theoretical predictions for the masses of the ground and excited
charm diquark-antidiquark states (in MeV) and possible experimental candidates.

State  Diquark Theory Experiment
JPe content EEG [4] state mass[1]
1S
ot SS 3812 3723
- X(3872) [3871.4+0.6
++ t
177 (SA+5A)/V2 3871 3872 { X(3876) { 3875.2 +0.7+9°2
17~ (SA—SA)/V2 3871 3754
ot AA 3852 3832
17 AA 3890 3882
- 3943411413
++
2 AA 3968 3952 Y(3943) { 3914341
1P
o < 4330 470 4259 4+ 8+2
1 sS 4244 (cscs) Y(4260) {4247 120
1 SS 4244 +441180
0~ (SA+SA)/V2 4267 } Z(4248) 420855755

17 (SA—SA)/V2 4284 1y
- A% ppsns Y(4260) 428417 44

o - 4361 +94+9
1 AA 4350 Y(4360) { 324 1 04
28

1" (SA+SA)/vV2 4431

o A 1434 Z(4430) 44334442
1+ AA 4461 ~ 4470

2P

o - Y(4660) [ 4664 +11+5
] S5 4606 { X(4630) { 46341813

t input

few MeV above X(3872). This state could be naturally identified with the second
neutral particle predicted by the tetraquark model [4]. On the other hand, in our
model the lightest scalar 0" tetraquark is predicted to be above the open charm
threshold DD and thus to be broad, while in the model [4] it lies a few MeV be-
low this threshold, and thus is predicted to be narrow. Our 2+ tetraquark also
lies higher than the one in Ref.[4], thus making the interpretation of this state as
Y(3943) less probable, especially if one averages the original Belle result with the
recent BaBar value which is somewhat lower.

The discovery in the initial state radiation at B-factories of the Y(4260), Y(4360)
and Y(4660) indicates an overpopulation of the expected charmonium 17~ states
[1]. Maini et al. [4] argue that Y(4260) is the 17~ 1P state of the charm-strange
diquark-antidiquark tetraquark. We find that Y(4260) cannot be interpreted in
this way, since the mass of such ([cs]s—o[C5]s—0) tetraquark is found to be ~ 200
MeV higher. A more natural tetraquark interpretation could be the 17~ 1P state
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([cqls—olcals—o) (SS) which mass is predicted in our model to be close to the
mass of Y(4260) (see Table 1). Then the Y(4260) would decay dominantly into
DD pairs. The other possible interpretations of Y(4260) are the 1~ ~ 1P states of
(SA — SA)/v/2 and AA tetraquarks which predicted masses have close values.
These additional tetraquark states could be responsible for the mass difference of
Y(4260) observed in different decay channels. As we see from Table 1, the recently
discovered resonances Y(4360) and Y(4660) in the e"e~ — 77w 1’ cross section
can be interpreted as the excited 17— 1P (AA) and 2P (SS) tetraquark states, re-
spectively. The peak X(4630) very recently observed by Belle in eTe™ — AZAL
is consistent with a 17~ resonance Y(4660) and therefore has the same interpreta-
tion in our model.

Recently the Belle Collaboration reported the observation of a relatively nar-
row enhancement in the 7w’ invariant mass distribution in the B — K™’
decay [1]. This new resonance, Z*(4430), is unique among other exotic meson
candidates, since it is the first state which has a non-zero electric charge. Differ-
ent theoretical interpretations were suggested [1]. Maiani et al. [4] gave quali-
tative arguments that the Z*(4430) could be the first radial excitation (2S) of a
diquark-antidiquark X', (177;1S) state (AA) with mass 3882 MeV. Our calcula-
tions indicate that the Z*(4430) can indeed be the 17 2S [cu][cd] tetraquark state.
It could be the first radial excitation of the ground state (SA —SA)/v/2, which has
the same mass as X(3872). The other possible interpretation is the 0" 2S [cul[cd]
tetraquark state (AA) which has a very close mass. Measurement of the Z* (4430)
spin will discriminate between these possibilities.

Encouraged by this discovery, the Belle Collaboration performed a study of
B® — K~m*xc1 and observed a double peaked structure in the 7" x ¢ invariant
mass distribution. These two charged hidden charm peaks, Z(4051) and Z(4248),
are explicitly exotic. We find no tetraquark candidates for the former, Z(4051),
structure. On the other hand, we see from Table 1 that Z(4248) can be interpreted
in our model as the charged partner of the 1~ TP state SS or as the 0~ 1P state of
the (SA + SA)/V/2 tetraquark.

In summary, we calculated the masses of excited heavy tetraquarks with
hidden charm in the diquark-antidiquark picture. In contrast to previous phe-
nomenological treatments, we used the dynamical approach based on the rela-
tivistic quark model. Both diquark and tetraquark masses were obtained by nu-
merical solution of the quasipotential wave equation with the corresponding rel-
ativistic potentials. The diquark structure was taken into account in terms of di-
quark wave functions. It is important to emphasize that, in our analysis, we did
not introduce any free adjustable parameters but used their values fixed from our
previous considerations of heavy and light hadron properties. It was found that
the X(3872), Z(4248), Y(4260), Y(4360), Z(4430) and Y(4660) exotic meson candi-
dates can be tetraquark states with hidden charm.

This work was supported in part by the Russian Science Support Foundation
(V.0.G.) and the Russian Foundation for Basic Research (RFBR) (grant No.08-02-
00582) (RN.E and V.O.G.).
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There exists a renewed interest in interactions between hyperons and nuclei, since
rich experimental data are expected to emerge from the strangeness experiments
at J-PARC. In particular, our understanding on interactions between the octet-
baryons (Bs = N, A, X and Z) and light nuclei will be significantly improved by
observing possible bound states and resonances of light hypernuclei. These in-
teractions are also important as basic constructing blocks of heavier hypernuclei
through sophisticated microscopic calculations of many-cluster systems. Need-
less to say, these hypernucleus data afford invaluable source of information for
underlying baryon-baryon interactions, since the direct scattering data for the
hyperon-nucleon (YN) interaction are still scarce and none exists for the hyperon-
hyperon (YY) interaction. It is therefore important to apply models for the baryon-
baryon interaction to finite nuclei, and to clarify characteristics of the interaction
and its implications to hypernuclear physics.

We have developed a quark-model (QM) baryon-baryon interaction for the
octet-baryons [1], which reproduces all the two-nucleon data and the low-energy
YN scattering data. It is formulated in the (3q)-(3q) resonating-group method
(RGM), using the spin-flavor SUg QM wave functions. A colored version of the
one-gluon exchange Fermi-Breit interaction is fully incorporated with the fla-
vor symmetry breaking, and effective meson-exchange potentials are introduced
between quarks. The early version, the model FSS [2] includes only the scalar
(S) and pseudoscalar (PS) meson exchange potentials, while the renovated ver-
sion fss2 [3,4] introduces also the vector (V) meson exchange potentials and the
momentum-dependent Bryan-Scott terms for the S and V mesons. One of the im-
portant differences between FSS and fss2 is that the former describes the LS forces
only by the Fermi-Breit interaction, while the latter also contains the ordinary LS
component originating from the S-meson exchange.

As an important application of our QM baryon-baryon interactions, we have
carried out Faddeev calculations for the triton and the hypertriton in Ref. [5], in
the most reliable framework of using the energy-independent renormalized RGM
kernels [6]. The triton binding energy, predicted by fss2, is very close to the ex-

* Talk delivered by Y. Fujiwara
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perimental value with about 350 keV less bound, and the A separation energy of
the hypertriton is 262 keV vs. the experimental value, 130 £ 50 keV. In the hyper-
triton calculation, the detailed information is obtained for the central force of the
AN interaction, since this system is S-wave dominant.

For the p-shell A-hypernuclei, some kinds of models inevitably need to be as-
sumed so far, to connect properties of the A-hypernuclei and the underlying YN
interactions. In our previous publications, we have studied Bga [7,8] and Bg(3N)
potentials [9] based on the G-matrix calculations of our QM hyperon-baryon
interaction within the framework of the lowest-order Brueckner theory. Here,
(3N) stands for the triton or He, and rigid translational-invariant harmonic-
oscillator (h.o.) shell-model wave functions are assumed with the size parame-
ters v = 0.257 fm 2 for o and and 0.18 fm 2 for the (3N) cluster. In these calcu-
lations, we have developed a new method to derive direct and knock-on terms
of the interaction Born kernel from the YN G-matrices with explicit treatments of
the nonlocality and the center-of-mass (c.m.) motion between the hyperon and
the « cluster. This framework makes it possible to take into account the short-
range correlations and other correlations related to the channel-coupling effect
of baryon channels, which is a new feature of the YN and YY interactions. For
example, a strong AN-XN coupling is caused by the strong tensor component of
the one-pion exchange, and the very small single-particle (s.p.) spin-orbit force of
the A hyperon is explained by a strong cancellation of the ordinary LS and the
antisymmetric LS (LS~)) forces generated from the rich structure of the LS com-
ponents of the Fermi-Breit interaction. [10] The G-matrix calculations are carried
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Fig.1. The zero-momentum Wigner
transform (dashed curve) and the so-
lution of the transcendental equation
(solid curve) for the bound-state en-
ergy Eg = —13.51 MeV, obtained from
the Wigner transform of AT2C(0M)
Born kernel. The model is fss2 and
ke = 1.35 fm " is used.

Fig.2. The central components of the
zero-momentum Wigner transform for
the Za Born kernel. The contributions
from the I = 0 and I = 1 compo-
nents are separately shown. The model
is fss2 and ki = 1.20 fm ' is used. The
energy-independent QM RGM kernel
is used.
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out by assuming a constant Fermi momentum kf, which is a parameter in the
present framework. As in the Faddeev calculations of the triton and hypertriton,
the energy-independent QM baryon-baryon interaction is used for the G-matrix
calculation.

We extend this method to the Bg ">C(0") and Bs '°O systems, assuming
the h.o. shell-model wave functions with v = 0.20 fm 2 for '2C and 0.16 fm~
for °O. Our main interest is to find new features appearing in the core nuclei
involving the p-shell orbits. For the G-matrix calculation, we use kf = 1.35 fm ! ,
which corresponds to the normal saturation density.

As an example of A-core potentials, we show in Fig. 1 the AT2C(0*) potential
for the }3C ground state, calculated from the model fss2. Since the A'>C(0*) Born
kernel, derived from the AN G-matrix folding is nonlocal, we have calculated the
Wigner transform in the WKB-RGM approach [11]. The effective local potential
is then obtained by solving the transcendental equation for the Wigner trans-
form. Figure 1 also shows the zero-momentum Wigner transform with the dashed
curve, which is already a good approximation to the effective local potential
(solid curve). This potential predicts the bound-state energy Eg = —13.51 MeV,
which is used for the input of the transcendental equation. We compare in Table
1 our QM predictions for the bound-state energies of light A hypernuclei with
available experimental data. The bound-state energies are calculated by solving
the Lippmann-Schwinger equations for the A-core Born kernels. The result for
the hypertriton is taken from the Faddeev calculations in Ref. [5]. We find that the
present G-matrix approach can give reasonable results for the A s.p. potentials in
light nuclei, if an appropriate Fermi momentum for each system is chosen.

The X-core and =-core interactions are generally repulsive, except for a spe-
cial case like 3 He. The origin of the repulsion in the Z-core potential is the quark-
Pauli effect which appears in the isospin I = 3/2 3S state for the most compact
SUs3 (30) configuration. On the other hand, the isospin I = 0 channel of the =N in-
teraction, the 'Sy H-particle channel in particular, is attractive owing to the color-

Table 1. Comparison of the ground-state energies of some light A hypernuclei between
the QM predictions and the experiment. The energies are measured from the A separation
threshold. The unit is in MeV. The listed Fermi momenta kf are used for the G-matrix
calculations except for the hypertriton }, H.

System ke (fm ") fss2 FSS exp’t[12]
3H Faddeev [5] —0.262 —0.790 —0.13 £0.05

AH(0" —2.0440.04

N ) 1.07 ~1.55 -2.29

4 He(0") —2.3940.03

AHOT —0.99 +0.04

N ) 1.07 —0.97 -0.32

4 He(1") —1.24 +0.05
> He 1.20 —3.43 2.4 —3.1240.02
13C 1.35 —13.90 —11.31 —11.69 +£0.12

o 1.35 —16.04 —13.37
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Fig.3. The same as Fig2, but for the Fig.4. The same as Fig.3, but for the
='2C(0%) Born kernel. The model is ='0 zero-momentum Wigner trans-
fss2 and kr = 1.35 fm~' is used for form.

the G-matrix calculation.

magnetic term of the Fermi-Breit interaction. The I = 1 =N interaction is repul-
sive, but involves a strong channel-coupling effect with the ZA channel. Since the
extension of the Wigner transform to the negative q? is not easy numerically, we
only discuss the zero-momentum Wigner transform, Gy, (R, 0), which we call the
“Bg-core potential” in the following. The Z'2C(0") and ='®O potentials, obtained
as the zero-momentum Wigner transform of the folding kernels for the G-matrix
interaction with the Fermi momentum k¢ = 1.35 fm ', are illustrated in Figs.3
and 4 for fss2. We find a weak attraction in the surface area around R ~ 3 - 4
fm, which is a common feature to the previous Z« potential shown in Fig. 2. The
present potentials, however, also possess an attractive pocket in the short-range
region with R < 1.2 fm, which originates from the strong attraction in the isospin
I = 0 component. This feature is clearly related to the p-orbit of the core nuclei.
Such a structure of the nuclear potentials should appreciably influence on the
Coulombic bound states for the =~ atoms.
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Gluons in Point Form QCD

W. Klink

Department of Physics and Astronomy University of lowa, Iowa City, lowa, USA

Abstract. Point form quantum field theory is used to analyze the QCD gluon vacuum
and bound state problems. An algebra of operators formed from gluon creation and an-
nihilation operators is used to generate a total four momentum operator from the gluon
self coupling terms. The vacuum is then the Lorentz invariant state which is annihilated
by the four-momentum operator. Such a state is obtained from the generalization of the
coupled-cluster technique, familiar from nuclear physics. An example in which the color
symmetry is SU(2) is given.

1 Point Form Quantum Field Theory

In point form field theory [1] all interactions are in the four-momentum opera-
tor and Lorentz transformations are kinematic. Interactions are introduced via
vertices, products of local free fields, which are integrated over the forward hy-
perboloid to give the interacting four-momentum operator.

The four-momentum operator P* is written as the sum of free and interacting
four-momentum operators, P* = P*(fr) 4+ P*(I). To guarantee the relativistic
covariance of the theory, it is required that

[P, PY] =0, 1)
UAPHULT = (ATT)EPY, )

where Ux is the unitary operator representing the Lorentz transformation A.
These ”point form” equations [1] lead to the eigenvalue problem

PHW, > =pH ¥, >, 3)

where p* is the four-momentum eigenvalue and [V, > the eigenvector of the
four-momentum operator, which acts in generalized fermion-antifermion-boson
Fock spaces. Then the physical vacuum and physical bound and scattering states
should all arise as the appropriate solutions of the eigenvalue Eq.(3). What is un-
usual in Eq.(3) is that the momentum operator has interaction terms. But since
the momentum and energy operators commute and can be simultaneously diag-
onalized, they have common eigenvectors. One of the important properties of the
point form is that since the Lorentz generators have no interactions, the action of
global Lorentz transformations on operators and states is simple.
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2 Gluons

Gluons are massless vector particles that transform as representations of the lit-
tle group E(2), the euclidean group in two dimensions [2]; a four dimensional
nonunitary irrep of E(2) generates four polarization degrees of freedom, labeled
by «. A standard four-vector k' = (1,0,0, 1) leaves E(2) invariant and the helic-
ity boost, B(k), which gives the four-momentum k, generates a gluon state with
transformation properties
ky o, a > = Ug g k*Y &, a >,
U/\|k, x,a>= U/\UB(k)|kSt, x,a >
=) Ak, a> A, lew),
Uglk, 0, a > = Z ko, a > D, .(g),
where A(ew) = B~ (Ak)AB(k) is a euclidean Wigner “rotation”, g is an element
of the internal symmetry (color) group and a, a’ are color indices.
Many gluon states are most simply obtained from gluon creation and anni-
hilation operators:
k, o, a > = gT(k, o, a)l0 >
gk, &, a)l0 >=0,Vk, ,a
la(k, &, a), 0" (K o', a')] = —gy o ko3 (k—k )8,/
U/\g(k, X, a)u;\] = Z g(/\ka O(,v a)/\a“x’ (eW)
Ugg(k, o, a)Uy' =) gk, a0 )Dyr,(9)

Phrce = — 2 J dkk*g'(k, &, a)ge,a9(k, &, a);

the auxiliary condition eliminating the 0 and 3 components is the annihilation
operator condition, )~ k$'gaag(k, &, a) = 0. dk := %.
The free gluon field is then

Gh(x) = JdkB”“(k)(e*ik"‘g(k, «, a) + e gl (k, «, a));
aGK‘Jx)/axu::i:[dkk”Bu“(khh%ae‘ikxg(k,a,a)

=1 Z J dke ™ kSt gaag(k, , a)

this last relation shows the connection between the auxiliary condition and the
Lorentz gauge condition. In fact, because Lorentz transformations are kinematic,
the only gauge transformations allowed are those that leave the Lorentz gauge
condition invariant.

Gauge invariance then fixes the field tensor to be

_ 9GY GH

YV (x) — —
a (x] Ox,  Oxy

— &Ca,b,cGy, (X)GY (x)
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where cq b ¢ are the color structure constants and « is the strong bare coupling
constant.

By integrating the stress energy tensor generated by the field operators over
the forward hyperboloid, the pure glue part of the four-momentum operator
takes on the form

P

glue

7Pl’ie+Pu +pll

tri quar

Pguar = “2 Z J dx*"dk; dkzdk3dk40a‘b‘cca‘b/‘cl

BT (K )BY™2 (k) BS (k3 )BS (Ka)
(efilq ~Xg(k] X1, b) + eik1 ~XgT(k1 , X1, b))

(e—Lkz X (kz, o2, C ) + elkz X (kZ» X2, C))
(e g(ks,a3,b )—1-6”‘3"‘ f(ks, a3,b"))
(e*”@t %g(ka, aa,c’) + ek gl (kg oa, )

Phi=1x) cape J dx*dk; dkydks

BY™ (k1)k — B¥T (k1 )ky)B? (k2)BJ? (k3)
(k x1,a )7elk] Xg (k],“],b))
(k2, 02, b) + €2 g (kz, a2, b))
(kzoz, c) + €™ gl(ks, a3, ¢))

X

Plile = Z J dkkugT (k, &, a)gaag(k, &, a)

3 The Gluon Vacuum Equations

Neglecting the quark sector, the gluon vacuum structure can be analyzed by writ-
ing the vacuum as |Q) >= F|0 > so that P”Lue|Q >= PglueFIO >= (. Since there
are no quarks, the operator F will act only in the gluon space; it must satisfy the
properties of being invariant under Lorentz and color transformations. So write

F=fol+) J dkidkafi, py.a 1k pa.as

9'(k1,B1,a1)g" (k2, B2, a2) + ...
fkl Br1,ar3k2,Bz,a2 = fa((k1 +k2) )BuB] (kq )BBZ (kz)C1 aq.a,

where f,((k1 + k2)?) is a Lorentz invariant function and C] araz is a Clebsch-
Gordan coefficient coupling the adjoint representation to itself to give the identity
representation. There are no odd powers of gluon creation operators because of
invariance under the internal symmetry. When quarks are coupled to the gluon
sector, this will no longer be the case.

As an example of the structure of the gluon vacuum equations, choose SU(2)
as the internal symmetry. The tri interactions do not contribute when acting on F;
the general form of the equations arising from the quartic interactions are

(o? J dxM (e tkxg 4 etkxghd — J dvwtgfg)Fl0 > = 0.
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The lowest order equation resulting from these equations is
o? J dx”[J' dk;dkafo — 4J dkydkodksfa (ks + ks )e Hkatks)x
+8 J dkqdkodksdkafs (ki + ko, ks + kg)e R Flathstha)x) — o

where the f’s are Lorentz invariant functions of their arguments. More generally
there is a hierarchy of equations in even powers of the gluon creation operators.
By factoring out the infinite Lorentz volume at each level of the hierarchy, a set of
recursive equations results, which have no infinities.

4 Glueballs

The simplest glueballs are bound states of two gluons, bound by their self inter-
actions [3]. A two gluon state can be written as |v, [k, j, 0,A1,A, >, where

‘V) ‘k‘))) 0-)\1 }\2 > = J’dRZ C]I ,anq azD];)‘J\] —7\2 (R) UB(V)UR
g'(kixrar)gf (kaxzaz)Fl0 >,

with k; = —k, =k, C} , , a color Clebsch Gordan coefficient, and R a rotation.
Again a set of (bound state) equations in powers of the gluon creation oper-

ators results, generated from
(PY —=AD)v, X, j, oA A2 > = 0.

Setting j = 0 = 0 gives a scalar glueball.
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Abstract. The results of the Dyson-Schwinger approach utilizing the Witten-Veneziano
relation to obtain a description of the 1 and 1’ mesons, are compared with the results
obtained when Shore’s generalization of the Witten-Veneziano relation is used instead. On
the examples of three different model interactions, we find that irrespective of the concrete
model dynamics, our Dyson-Schwinger approach is phenomenologically more successful
in conjunction with the standard Witten-Veneziano relation than with the generalization
valid, at least in principle, in all orders in the 1/N. expansion.

1 Introduction

The complex of the n and 1’ pseudoscalar mesons is an intriguing problem in
the light-quark sector of the nonperturbative Quantum Chromodynamics (QCD).
The mixing of the pertinent isospin-zero states should be such that the physicaln
meson is one of the (almost-)Goldstone bosons of the dynamical chiral symmetry
breaking (DChSB) of QCD, whereas its partner n’ must be very massive (~ 1
GeV) and remain such even in the chiral limit. For the correct 1’ mass behavior,
the non-abelian (gluon) axial anomaly of QCD is essential, and a way to extract
its contribution is through the Witten-Veneziano (WV) relation [1,2].

We are particularly interested in the Dyson-Schwinger (DS) approach [3-8] to
QCD and its modeling. In some variants of the DS approach (e.g., in Ref. [9]), the

* Talk delivered by D. Klabucar
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WYV relation has been used to obtain the description of the n-n’ complex. In the
present paper, for three different DS models, we compare the usage of the WV
relation with the usage of its recent generalization recently proposed by Shore
[10,11]. The present paper in the Bled 2008 proceedings, is a shortened version of
Ref. [12].

The DS approach [3-8] is the chirally well-behaved bound-state approach
and thus the most suitable one to treat the light pseudoscalar mesons (those com-
posed of the u,d and s quarks), for which DChSB is essential. One solves the
DS equations (DSEs) for dressed quark propagators, which are then employed
in Bethe-Salpeter equations (BSEs). Their solving yields quark-antiquark (qg’)
bound state amplitudes and corresponding masses M qq-.

To obtain the chiral behavior as in QCD, DS and BS equations must be solved
in a consistent approximation. The rainbow-ladder approximation (RLA), where
DChSB is well-understood, is still the most usual approximation in phenomeno-
logical applications. This also entails that in both DSE and BSE we employ the
same effective interaction. Concretely, in the present paper we recall and utilize
the results obtained i) in Refs. [13,14] by using the renormalization-group im-
proved (RGI) interaction of Jain and Munczek [15], ii) in Ref. [9] by using the RGI
gluon condensate-induced interaction [16], and iii) in Refs. [17,18] by using the
separable interaction [19]. Such effective interactions must be modeled at least in
the low-energy, nonperturbative regime in order to be phenomenologically suc-
cessful — which above all means to be sufficiently strong in the low-momentum
domain to yield DChSB. In the chiral limit (and close to it), light pseudoscalar
(P) meson qg bound states (P = ©®* K®* 1) then simultaneously manifest
themselves also as (quasi-)Goldstone bosons of DChSB. This enables one to work
with the mesons as explicit qg bound states, while reproducing the results of the
Abelian axial anomaly for the light pseudoscalars, i.e., the amplitudes for P — vy
and y* — PPPTP~. This is unique among the bound state approaches - e.g.,
see Refs. [5,20,22,21] and references therein. Nevertheless, one keeps the advan-
tage of bound-state approaches that from the qg substructure one can calculate
many important quantities (such as the pion, kaon and s5 pseudoscalar decay
constants: f,, fx and fss) which are just parameters in most of other chiral ap-
proaches to the light-quark sector. The treatment [13,14,23,9] of the n-n’ complex
is remarkable in that it is very successful in spite of the limitations of RLA. (Very
recently, during the work on the present paper, the first and still simplified DS
treatments of n and n’ beyond RLA appeared [24,25]. However, RLA treatments
will probably long retain their usefulness in applications where simple modeling
is desirable, as in the calculationally demanding finite-temperature calculations
[18].) The RLA treatments [13,14,23,9,18] of the -’ complex relied on the Witten-
Veneziano (WV) relation [1,2]. Nevertheless, Shore achieved [10,11] what can be
considered as a generalization of the WV relation, and the purpose of the present
paper is exploring the usage of this generalization in the DS context.

The paper is organized as follows: in the next section, we recapitulate the
procedures and results of our previous treatments [14,9,18] relying on the WV
relation (11), and present in Table I also their extension to the scheme of the four
decay constants (and two mixing angles) of 1 and n’. In Section 3, we expose the
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usage of the pertinent Shore’s equations [10,11] in the context of DS approach. The
last section concludes after giving the results of solving the pertinent equations.

2 n-1’ mass matrix from Witten-Veneziano relation

All g’ model masses Mqq+ (4,q’ = u,d,s) used in the present paper, and cor-
responding qg’ bound-state amplitudes, were obtained in Refs. [13,14,9,26,17,18]
in RLA, i.e., with an interaction kernel which (irrespective of how one models
the dynamics) cannot possibly capture the effects of the non-Abelian, gluon axial
anomaly. Thus, when we form the n-n’ mass matrix

=l k] W
M08 MOO

in this case in the octet-singlet basis ng-1o of the (broken) flavor-SU(3) states of
isospin zero,

1 - 1 -
= —(utt + dd — 2s5), = —(utt 4 dd + s3), 2
ns \/E( ) Mo \/§( ) 2)
this matrix (1), consisting of our calculated qg masses,

2 _ K12 20 1o
Mgs = (nsIMyams) = 3 (Mgs + zMuﬂ.) ) 3)

2 _ K12 2 1.5 2
MGo = (MolMyaMmo) = 3 (EMSE +Mia), 4)

V2

M3o = (nslMFamo) = Mg = T(Mia —MZ) <0, ©)

is purely non-anomalous (NA), vanishing in the chiral limit. In the isospin limit,
to which we adhere throughout, the pion is strictly decoupled from the gluon
anomaly and Mz = M3 is exactly our model pion mass M. Also the unphys-
ical s§5 quasi-Goldstone’s mass M;; results from RLA BSE and does not include
the contribution from the gluon anomaly. This is consistent with the fact that due
to the Dashen-Gell-Mann-Oakes-Renner (DGMOR) relation, it is in a good ap-
proximation [13,14,9,18] given by M2, = 2M% — M2, i.e., by the kaon and pion
masses protected from the anomaly by strangeness and/or isospin.

In our previous DS studies [13,14,9,26,17,18], to which we refer for all model
details, the phenomenology of the non-anomalous sector was successfully repro-
duced, e.g., T, fx, as well as the empirical masses M and Mx (see the upper part
of Table 1), yielding a strongly non-diagonal M, (1). Its diagonalization leads to
the eigenstates known as the nonstrange-strange (NS-S) basis,

1 -

= —(utt+dd), =S5, 6
NS \/Z( ) ns (6)
and to M%, = diag[M2, MZ]. In contrast to these mass-squared eigenvalues,

the experimental masses are such that (M3)expA?(M3)exp, and 1’ is too heavy,
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(My/)exp = 958 MeV, to be considered even as the s§ quasi-Goldstone boson. This
is the well-known U (1) problem, resolved by the fact that the complete n-n’ mass
matrix M? must contain the anomalous (A) part M3. That is, M? = WV A+ M2,

However, M3 is inaccessible to RLA which yields our Goldstone pseudo-
scalars. In Refs. [13,14,9,17,18], Vli was extracted from lattice data through the
WYV relation [the second equality in Eq. (11)]. The main purpose of the present
paper, instead, is to approach 1 and n’ through Shore’s [10,11] recent generaliza-
tion of that relation.

Before that, nevertheless, we review the usage of the WV relation in Refs.
[13,14,9,17,18]. The expansion in the large number of colors, N, indicates that
the leading approximation in that expansion describes the bulk of main features
of QCD. The gluon anomaly is suppressed as 1/N. and can be viewed as a pertur-
bation in the large N expansion. In the SU(3) limit, it is coupled only to the singlet
combination 1y (2); only the 1o mass receives, from the gluon anomaly, a contri-
bution which, unlike quasi-Goldstone masses M q4’s comprising MZ,, does not
vanish in the chiral limit. As discussed in Refs. [13,9], in the present bound-state
context it is thus meaningful to include the effect of the gluon anomaly just on the
level of a mass shift for the 1o as the lowest-order effect, and retain the qg bound-
state amplitudes and the corresponding mass eigenvalues M4 as calculated by
solving DSEs and BSEs with kernels in RLA.

References [13,14,9,17,18] thus break the U (1) symmetry, and avoid the
Ua (1) problem, by shifting the 1o (squared) mass by an amount denoted by 33
(in the notation of Refs. [14,9]). The complete mass matrix M? = MZ, + M3
then contains the anomalous part M3 = diag[0,3pB], where the anomalous 1
mass shift 3f is related to the topological susceptibility of the vacuum, but in the
present approach must be treated as a parameter to be determined outside of our
RLA model, i.e., fixed by phenomenology or taken from the lattice calculations
[27]. (The possibility of employing an additional microscopic model for the gluon
anomaly contribution, such as the one of Ref. [28], is presently not considered.)

The SU(3) flavor symmetry breaking and its interplay with the gluon anomaly
[9] modifies M3 = diag[0, 3B] to

M|, s10X FOoXREX) %
LE(1T-=X)2+X) F2+X)

where X is the flavor symmetry breaking parameter. It is most often estimated as
X =fr/fss ~ 0.7 — 0.8 (see, e.g., Refs. [30,29,14,9], although there are some other
[14], of course related, estimates of X). Presently we also adopt X = f,/fss, which
means that X is a calculated quantity in our approach. The employed models
achieved good agreement with phenomenology [13,14,9,18], e.g., fitted the ex-
perimental value of M3 + Mf]/ for B around 0.26 — 0.28 GeVZ. The anomaly con-
tribution M3 then brings the complete M? rather close to a diagonal form for all
considered models [13,14,9,18]; that is, to diagonalize M2, only a relatively small
rotation (0] ~ 13° + 2°) of the 1ng-1o basis states,

N =cosOng —sinOno , n’ =sin@ng + cosOng , (8)



54 D. Horvati¢, D. Blaschke, Yu. Kalinovsky, D. Kekez, D. Klabuéar

is needed to align them with the mass eigenstates, i.e., with the physical n and n'.
In contrast to this, the n-1’ mass matrix in the NS-S basis (6),

[ ME M T [M2+2B8 V2BX M2 0
o= | o] = M ) @ |0 M%f] )

TINsTs Ms
is then strongly off-diagonal. The indicated diagonalization, given by
M = cos G mMns — sin b1, n' =sindnngs + cos s, (10)

is thus achieved for a large NS-S state-mixing angle ¢ ~ 42° £2°. Of course, this is
again in agreement with phenomenological requirements [14,9], since ¢ is fixed
to the angle 0 by the relation ¢ = 0 + arctan v/2 = 0 + 54.74°.

The invariant trace of the mass matrix (9), together with MZ, = 2Mg — M2
(from the DGMOR relation), gives the first equality in

6
ﬁ(z+x2)=M§+M§,—2M2=f—2XYM. (11)

The second equality is the Witten-Veneziano (WV) relation [1,2] between the n, n’
and kaon masses and xywm, the topological susceptibility of the pure gauge, Yang-
Mills theory. Thus, 3 does not need to be a free parameter, but can be determined
from lattice results on xym, so that no fitting parameters are introduced. For the
three models [15,16,19] utilized in our treatments [13,14,9,18] of 1 and 7/, the
bare quark mass parameters and the interaction parameters were fixed already in
the non-anomalous sector, by requiring the good pion and kaon phenomenology.
(See the m and K masses and decay constants in Table 1.) Then, following Refs.
[9,18] in adopting the central value of the weighted average of the recent lattice
results on Yang-Mills topological susceptibility [31-33],

xym = (175.7 £ 1.5MeV)* (12)

we have obtained the good descriptions of the n-n’ phenomenology [13,14,9,18],
exemplified by the first three columns (one for each DS models used) of the mid-
dle part of Table 1, giving the predictions for the n and 1’ masses and for the NS-S
mixing angle ¢.

The lowest part of the table, below the second horizontal dividing line, con-
tains the results on the quantities (8o, 03, etc.) defined in the scheme with four n
and 1’ decay constants and two mixing angles, introduced and explained in the
following Section 3. Table 1 also compares these results of ours (in the first three
columns) with the corresponding results of Shore’s approach [10,11], in which the
experimental values of the meson masses M, Mk, M,,, and M./, as well as the de-
cay constants f and fx (in contrast to our qg bound-state model predictions for
these quantities) are used as inputs enabling the calculation of various decay con-
stants in the n-n’ complex and the two mixing angles 6y and 03 (corresponding
to ¢ = 38.24° in our approach).

3 Usage of Shore’s equations in DS approach

The WV relation was derived in the lowest-order approximation in the large N,
expansion. However, considerations by Shore [10,11] contain what amounts to
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from| [14] 9] [18] Shore
Ref. | &WV | & WV | & WV | [10,11] | Experiment

M| 137.3 | 1350 | 140.0 (138.0)venge
Mk | 4957 | 4949 | 495.0 (495.7)seeb,
Mss| 7007 | 7221 | 6848
fr | 931 | 929 | 920 924 4+0.3
fi | 1134 | 1115 | 110.1 113.0+1.0
fos | 1350 | 1329 | 119.1
M, | 5682 | 577.1 | 5423 547.75 £ 0.12
M, | 9204 | 9320 | 9326 957.78 4 0.14

¢ | 41.42° | 39.56° | 40.75° |(38.24°)
0o | —2.86° [ —5.12° | —6.80° | —12.3°
0s |—22.59°|—24.14°|-20.58°| —20.1°
fo | 108.8 | 1079 | 101.8 | 106.6
fs | 1226 | 121.1 | 110.7 | 104.8
Q| 54 9.6 121 | 22.8
o, | 1087 | 1075 | 101.1 | 104.2
o | 1132 | 1105 | 103.7 | 984
5, | 471 | -495 | -389 | -37.6

Table 1. The results of employing the WV relation (11) in our DS approach for the three
dynamical models used in Refs. [14,9,18], compared with the results of Shore’s analysis
[10,11] and with the experimental results. The first column was obtained by the WV-
recalculation of the results of Ref. [14], which in turn used the Jain-Munczek Ansatz for
the gluon propagator [15]. Column 2: the results based on Ref. [9], which used the OPE-
inspired, gluon-condensate-enhanced gluon propagator [16]. Column 3: the results based
on Ref. [18], which utilized the separable Ansatz for the dressed gluon propagator [19].
Column 4: The results of Shore [10,11], who used the lattice result xyp = (191 MeV)* of
Ref. [32], and not the weighted average (12), in contrast to us. Column 5: the experimental
values. All masses and decay constants are in MeV, and angles are in degrees. For more
details, see text.

the generalization of the WV relation, which is valid to all ordersin 1/N.. Among
the relations he derived through the inclusion of the gluon anomaly in DGMOR
relations, the following are pertinent for the present paper:

(f3)2ME, + (f3)* M} = %(feri—l—ZfﬁMi) +6A, (13)
2V2

fo f5 Mp, + fofS M7 = T(fimi —fiMg) , (14)
1

(f5)°Ma, + (f3)*M? = —5 (faM2 — 4fg M) (15)

3

where A is the full QCD topological charge parameter, which is presently un-
known, but in the large N. limit, it reduces to YM topological susceptibility:
A = xym + O(1/N;). Besides f, they contain fx and the four decay constants

[34-36], {3/, 3,3, and 3, associated with the two pseudoscalars 1 and ".
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Adding Egs. (13) and (15), one gets the relation
(F3)° M7+ (F)2ME + (£3)° M2 + (£5)°ME, — 2fkMg =6A  (16)

which is the analogue of the standard WV formula (11), to which it reduces in
the large N. limit where A — Xym, the fg,,fﬁ,fK — f, limit, and the limit of
vanishing subdominant decay constants (since n and n’ are dominantly ng and
To, respectively), i.e., fg, fﬁ, — 0. Nevertheless, we will need to use not just this
single equation, but the three equations (13)-(15) from Shore’s generalization.

These four n and 1’ decay constants are often parameterized in terms of two
decay constants, fg and fy, and two mixing angles, 63 and 6o:

fﬁ:cosegfg, fg:—sinﬁofo, fﬁ/:sinegfg, fg,:coseofo. (17)

This is the so-called two-angle mixing scheme, which shows explicitly that it is
inconsistent to assume that the mixing of the decay constants follows the pattern
(8) of the mixing of the states ng and 1o [34-36,30,37,29].

The advantage of our model is that, as we shall see, we are able to calculate
the fg and f( parts of the physical decay constants (17) from the qg substructure.
However, we cannot keep the full generality of Shore’s approach, which allows
for the mixing with the gluonic pseudoscalar operators, and therefore employs
the definition [10,11] of the decay constants which, in general, due to the gluonic
contribution, differs from the following standard definition through the matrix
elements of the axial currents A®*(x):

(OACH(x)[P(p)) = ifspte P> a=80  P=nm1. (18)

Nevertheless, Shore’s definition [10,11] coincides with the above standard one in
the non-singlet channel, where there cannot be any admixture of the pseudoscalar
gluonic component. Similarly, since our BS solutions (from Refs. [13,14,9,18]) are
the pure qg states, without any gluonic components, using Shore’s definition
would not help us calculate the gluon anomaly influence on the decay constants.
We thus employ the standard definitions (18), also used by, e.g., Gasser, Leutwyler,
and Kaiser [34-36], as well as by Feldmann, Kroll, and Stech (FKS) [30,37,29].
Equivalently to fJ,, 3,7, and 2, defined by Eq. (18), one has four related

I
but different constants 7, fy%, 3, and f3,, if instead of octet and singlet axial

in oo ins
currents (a = 8,0) in Eq. (18) one uses the nonstrange-strange axial currents (a =

NS, S)

ARs(x) = %AS”(X) + \/%AO M(x) = % [a(x)y*ysu(x) + d(x)ytysd(x)], (19)
m 2,3 T .o 1
Ag(x) =— gA H(x) + EA H(x) = ES(X)Y“%S(X) . (20)

The relation between the two equivalent sets is thus

NS ¢S 8 0
R ] =8 0]
T]/ -r]/ T]/ T]/

|
Wi

(21)

Pror
5
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Of course, this other quartet of n and n’ decay constants can also be parameter-
ized in terms of other two constants and two other mixing angles:
fﬁs = cos Pns s ffl = —sin ¢g fg , ff;l,s = sin ¢ns s ffl, = cos ¢s fs ,
(22)
where fns and fg are given by the matrix elements

(AR (x)Inns(p)) = ifns pre P, (OIA (x)s(p)) = ifspre P>, (23)

while (0[A{g(x)ns(p)) =0 and (O/Ag(x)ns(p)) = 0.

In the NS-S basis, it is possible to recover a scheme with a single mixing an-
gle ¢ through the application of the Okubo-Zweig-lizuka (OZI) rule [30,37,29].
For example, fnsfssin(dns — ds) differs from zero just by an OZI-suppressed
term [29]. Neglecting this term thus implies ¢ns = Ps. (Refs. [30,37,29] denote
fxs, fs, dns, ds by, respectively, fq, fs, dq, ds.) In general, neglecting the OZI-sup-
pressed terms, i.e., application of the OZI rule, leads to the so-called FKS scheme
[30,37,29], which exploits a big practical difference between the (in principle equiv-
alent) parameterizations (17) and (22): while 83 and 6 differ a lot from each other
and from the octet-singlet state mixing angle 6 ~ (0g + 0o)/2, the NS-S decay-
constant mixing angles are very close to each other and both can be approximated
by the state mixing angle: dns ~ ¢s ~ ¢. Therefore one can deal with only this
one angle, ¢, and express the physical n-n’ decay constants as

[:51 :5}_[f1\15c<')sd)fssincb} \/Lg \/g . (24)
v T fnssing  fgcosd | | % 1

This relation is valid also in our approach, where 1 and n’ are the simple nns-
ns mixtures (10). In our present DS approach, mesons are pure qq BS solutions,
without any gluonium admixtures, which are prominent possible sources of OZI
violations. Therefore, our decay constants are calculated quantities, fns = fug =
fqa = fr and fs = fs5, in agreement with the OZI rule. Our DS approach is thus
naturally compatible with the FKS scheme, and we can use the n and 1’ decay
constants (24) with our calculated fys = fr and fg = fss in Shore’s equations
(13)-(15).

4 Results and conclusions

All quantities appearing on the right-hand side of Egs. (13)-(15), namely M, Mk,
fr, and fx, are calculated in our DS approach [14,9,18] (for the three dynamical
models [15,16,19]), except the full QCD topological charge parameter A. Since it is
at present unfortunately not yet known, we follow Shore and approximate it by
the Yang-Mills topological susceptibility xym.

On the left-hand side of Egs. (13)-(15), the model results for fys = fr and fg =
fss and Eq. (24) reduce the unknown part of the four n and n’ decay constants fg,
fo,, 5, and f3,, down to the mixing angle ¢. The three Shore’s equations (13)-(15)
can then be solved for ¢, My, and M/, providing us with the upper three lines



58 D. Horvati¢, D. Blaschke, Yu. Kalinovsky, D. Kekez, D. Klabuéar

Inputs:|| from Ref. [14] from Ref. [9] from Ref. [18]
Xy | 175.7 | 191 1757 [ 191 || 1757 | 191
M, || 4857 | 499.8 || 482.8 | 496.7 || 507.0 | 5262
M, || 8158 | 931.4 | 818.4 | 9349 || 868.7 | 983.2

¢ || 46.11° | 52.01° ||46.07° | 51.85° || 40.86° | 47.23°
6o || 1.84° | 7.74° [[1.39° | 7.17° || —6.69° | -0.33°
05 |[—17.90°|—12.00° | —17.6°|—11.85°||-20.47° |-14.11°
fo | 1088 | 1088 |[ 107.9 | 107.9 | 101.8 | 101.8
fs | 1226 | 1226 || 121.1 | 121.1 | 1107 | 110.7
o 35 | <147 || 26 | (135 | 119 | 06
0, || 108.8 | 1079 | 1079 | 107.1 || 101.1 | 101.8
|| 1167 | 1199 || 1154 | 1185 || 1037 | 1074
5, || -87.7 | 255 || -37.6 | -249 | -387 | -27.0

Table 2. The results of the three DS models obtained through Shore’s equations (13)-(15)
for the two values of xym approximating A: (175.7MeV)* and (191MeV)*. Columns 1 and
2: The results when the non-anomalous inputs for Egs. (13)-(15), namely M, M, fr =
fns, fss = fs and fk, are taken from Ref. [14], which uses Jain-Munczek Ansatz interaction
[15]. Columns 3 and 4: The results for the non-anomalous inputs from Ref. [9] using OPE-
inspired interaction nonperturbatively dressed by gluon condensates [16]. Columns 5 and
6: The results for the inputs from Ref. [18] using the separable Ansatz interaction [19]. All

174 . .
masses and decay constants, as well as XY{W are in MeV, and angles are in degrees.

of Table 2. For each of the three different dynamical models which we used in
our previous DS studies [13,14,9,26,17,18], these results are displayed for xym =
(175.7MeV)* as in Refs. [9,18] and for xym = (191 MeV)* [32] (adopted by Shore
[10,11]). The lower part of the table, displaying various additional results, is then
readily obtained through Eq. (24) and/or the following useful relations [29,14]:

1 2 V2fs )

fg =1/ 54+ =12, 0s=¢ —arctan <

(25)

3 3 Ns

fo = %fﬁs + %fé , 00 = ¢ —arctan (@ZNS> : (26)

Note that fo and fg do not result from solving of Egs. (13)-(15), but are the cal-
culated predictions of a concrete dynamical DS model, independently of Shore’s
equations.

For all three quite different (RGI [15,16] and non-RGI [19]) dynamical mod-
els which we used in our previous DS studies [13,14,9,26,17,18], the situation
with the results turns out to be rather similar. The most conspicuous feature is
that 1 and 1’ masses are both much too low when the weighted average xym =
(175.7 £1.5MeV)* of Refs. [31-33] is used, in contrast to the results from the stan-
dard WV relation, displayed in Table 1. If we single out just the highest of these
values (191 MeV)* [32]), the masses improve somewhat. However, other results
are spoiled —e.g., the mixing angle ¢ becomes too high to enable agreement with
the experimental results on1,11" — vy decays, which require ¢ ~ 40° [9].
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When we turn to the lower parts of Tables 1 and 2, where the results for the
n and 1’ decay constants, and the corresponding two mixing angles 8y and 65,
are given, we notice a feature common to all our results, as well as Shore’s (also
given in Table 1). The diagonal ones, fg, and fﬁ, are all of the order of f, being
larger by some 10% to 30%. The off-diagonal ones, fﬁ, and f?l, are, on the other
hand, in general strongly suppressed. This is expected, as " is mostly singlet,
and m is mostly octet. The feature that may be surprising is that Shore’s results
(which, to be sure, were obtained [10,11] in quite a different way from ours) are
more similar to our results obtained through the standard WV relation, than to
our results obtained through Shore’s Egs. (13)-(15).

Allin all, inspection and comparison of the results in Table 2 with the results
(in Table 1) from the analogous calculations but using the standard WV relation
to construct the complete 1-n’ mass matrix, leads to the conclusion that the DS
approach with the standard WV relation (11) is phenomenologically more suc-
cessful, yielding the masses closer to the experimental ones. This may seem sur-
prising, as Shore’s generalization is in principle valid to all orders in 1/N, while
the standard WV relation is a lowest order 1/N. result. Nevertheless, one must
be aware that we do not yet have at our disposal the full QCD topological charge
parameter A, and that we (along with Shore) had to use its lowest 1/N. approxi-
mation, Xym. Also, we should recall from Sections 1 and 2 that the very usage of
the RLA assumed that the anomaly is implemented on the level of the anomalous
mass only, as a lowest order 1/N. correction [13,14,9,17,18]. Thus, with respect to
the orders in 1/N, the usage of the standard WV relation is consistent in the
present formulation of our DS approach, whereas the usage of Shore’s general-
ization is not, which is probably the cause of its lesser phenomenological success.
However, the usage of Shore’s generalization in the DS context as exposed here,
will likely find its application at finite temperatures. Namely, there it may help
alleviate the difficulties met due to the usage of the standard WV relation in the
DS approach at T > 0, as discussed in Ref. [18].
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Parity doubling in the high baryon spectrum:
near-degenerate three-quark quartets*
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Abstract. We report on the first calculation of excited baryons with a chirally symmetric
Hamiltonian, modeled after Coulomb gauge QCD (or upgraded from the Cornell meson
potential model to a field theory in all of Fock-space) showing the insensitivity to chiral
symmetry breaking. As has recently been understood, this leads to doubling between two
hadrons of equal spin and opposite parity. As a novelty we show that three-quark A states
group into quartets with two states of each parity, all four states having equal angular mo-
mentum J. Diagonalizing the chiral charge expressed in terms of quarks we show that the
quartet is slightly split into two parity doublets by the tensor force, all splittings decreasing
to zero high in the spectrum.

Our specific calculation is for the family of maximum-spin excitations of the Delta
baryon. We provide a model estimate of the experimental accuracy needed to establish
Chiral Symmetry Restoration in the high spectrum. We suggest that a measurement of
masses of high-partial wave A resonances with an accuracy of 50 MeV should be sufficient
to unambiguously establish the approximate degeneracy, and test the concept of running
quark mass in the infrared.

The idea of chiral symmetry restoration has been around for a while, for ex-
ample parity doubling was examined for the proton in the context of the linear
sigma model in [1]. By current ideas we believe that this restoration should occur
for higher excitations. Glozman and collaborators [2-8] (see also [9]) have the-
oretically examined (qq) mesons, and also shown marginal empirical evidence
for chiral symmetry restoration in both meson and hadron spectra, that rekin-
dles interest on intermediate energy resonances. Chiral symmetry restoration, or
more precisely, Spontaneous Chiral Symmetry Breaking Insensitivity high in the
spectrum, is established as a strong prediction of the symmetry breaking pattern
of QCD, and such prediction in an energy region where little else can be stated,
needs to be confirmed or refuted by experiment.

The baryon spectrum is a more difficult theoretical problem given the mini-
mum three-body wavefunction (as opposed to only quark-antiquark for mesons)
and in this paper we provide the necessary theoretical background to under-
stand parity doubling, in agreement with a prior study by Nefediev, Ribeiro and

* Talk presented by F. J. Llanes-Estrada
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Szczepaniak [10], and give the first model estimate of what the experimental
target-precision should be. This should help quantify what “high enough” in the
spectrum means, to assist experimental planning.

We customarily employ a truncation of Coulomb-gauge QCD by ignoring
the Faddeev-Popov operator and substituting the Coulomb kernel by its vacuum
expectation value, that takes the usual linear plus Coulomb form. This can be
seen as a field theory upgrade of the Cornell potential model. The Hamiltonian
reads

H=—gs J dxWT(x)oc- A(x)¥(x) + TrJ' dx(E-E+ B-B)
+ J AxWi (x)(—io V + Bmg)Wq(x) + % J dxdyp® (x)VL(Ix —y))p%(y) (1)

with a strong kernel containing a linear potential Vi, with string tension o =
0.135 GeV?, coupled to the color charge density p®(x) = Wi (x)TOW(x)+f2PC AP (x)-
IT¢(x) . In our past work we have solved the BCS gap equation to spontaneously
break chiral symmetry. This model has the same chiral structure of QCD, satisfy-
ing the Gell-Mann-Oakes-Renner relation, the low-energy theorems for pion scat-
tering [14] and allowing computations of static pion-nucleon observables [15]. We
have employed it in studies of gluodynamics [16] shown at this workshop that
agree with lattice gauge theory and are of qualitative phenomenological interest.
In any case, these play a minor role in the topic of this article, as the decreasing
of the splittings is dominated by chiral symmetry breaking alone. For a reduced
baryon sector application we are going to perform two more simplifications. We
employ only the Vi linear potential, and neglect all magnetic interactions. This
makes the A-nucleon mass splitting too small, but does not affect the A spectrum
much.

We truncate the Fock space variationally, as customary, to the |qqq) mini-
mum wavefunction. Since radial excitations of this system compete with multi-
quark excitations, we concentrate instead on maximum angular-momentum ex-
citations ] = 3/2 + 1. Chiral forces are too weak to compensate large centrifugal
forces and can hardly maintain | = 3 or | = 4, so one hopes to reduce the molec-
ular component by studying the ground state in each J-channel, so that the |qqq)
correlation remains important high in the spectrum.

As a rule of thumb, one needs to keep in the Fock-space expansion |qqq) +
laqqqd)+lqqqg) +. ... as many states as will be competitive by phase space con-
siderations, considering the quark and gluon dynamical mass gaps established
by lattice and Dyson-Schwinger studies. When pentaquark correlations are more
abundant than three-quark correlations (see figure 1) the typical quark momen-
tum will be lower than extrapolated from the ground-state baryons, so that chiral
symmetry restoration will not be quite so fast.

This puts pentaquark correlations above 2GeV, with the exception of possi-
ble meson-baryon resonances (as the Goldstone bosons avoid the mass-gap). In
any case it seems well established that three-quark correlations play an impor-
tant role in baryon-phenomenology, so it is worth examining the effect of a chiral
transformation on a three-quark variational wavefunction [N) = FijkBIB;rBUO).
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Fig.1. The typical momentum of a quark in a three-quark state is (by kinetic energy con-
siderations alone, with a running mass-gap) [k) oc M4, . Plotted is the typical momentum
in a three quarks and five quark wavefunction. At the jump the phase space for five-quark
states is larger, so it is more likely that a baryon of that mass is in a five-quark configura-
tion, and the typical momentum is therefore smaller. Hence chiral symmetry restoration
has to be somewhat slower than three-quark models would indicate.

We proceed variationally and employ several types of wavefunctions, ra-
tional and Gaussian, but the lowest energy (binding the model’s J-ground state
from above by the Rayleigh-Ritz principle) is obtained by employing the chiral
limit pion-wavefunction rescaled with two variational parameters in terms of Ja-
cobi coordinates, sin ¢ (k, /ot ) sin d(ky /o) Y{™ (sz ). We have found the angular
excitation in A to be slightly higher in energy and neglect the correlation. Part of it
though reenters the calculation upon (anti)symmetrizing the wavefunction, since
quark exchange mixes the p and A variables.

A typical variational search is represented in figure 2. Table 1 presents the
intradoublet splittings. The interdoublet splittings, as well as improved precision
on our three-body variational Montecarlo method, will be given in an upcoming
publication. As can be seen from the table, the model doublet splittings drop with
the orbital angular momentum. This is easy to understand from the structure of
the model Hamiltonian. The kernel for baryons is proportional to

leszs_a, (k]»kz)u]ilsluk1+q7\1 ulzszuszq)\z (2)
XF}\]}\zS}, (k] + q»kZ - q)

that, upon becoming insensitive to the gap angle, sin p(k >> Agcp) — 0, turns
into

F:] $2S83 (651}\] + (G'Q] G'k] + q)S])\])' (3)

(6527\2 + (G'on—'kz - q)Sz)\z) F)\])\gSg .
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Fig.2. Variational minimum-energy search E(«x,, xa) with a two-parameter family of func-
tions. Best results are obtained when the (chiral-limit) pion wavefunction is rescaled and
used to build the Jacobi-radial part of the A wavefunctions, sin ¢ (k, /o) sind(ka /o).
For maximum spin A states, ] = 3/2+1, the angular wavefunction before symmetrization
is Y™ (K,) (we set , = 0 consistent with the variational approximation, but numeri-
cally symmetrize the spin-space wavefunction, which reintroduces it through exchanged-
quarks).

Table 1. Experimental and computed doublet splittings. The entire quartet degenerates
high in the spectrum, with the +— parity doubling proceeding faster due to insensitiv-
ity to xSB and the interdoublet splitting decreasing slower, as they are due to the tensor
force and dynamical. We give a preliminary calculation of the intradoublet splitting (par-
ity degeneracy). From the decreasing theory splittings we deduce that an experimental
measurement of the parity splitting M, — M_ to an accuracy of 100, or better 50 MeV,
should suffice to see the effect. Note that our excited splittings become compatible with
zero within errors in the Montecarlo 9-d integral.

J Exp. Theory
M, — M _ |intradoublet
3/2 | 470(40) 450(100)
5/2| 70(90) 400(100)
7/2| 270(120) 50(100)
9/2 | 50(250) 200(100)
11/2 - 100(100)
13/2 - 100(100)

If instead of F; , , one substitutes its chiral partner F:{ sr5s (oK )s;s; (and the
same for the ket), the two states are seen to be degenerate. Also apparent in Eq.(3)

is the role of the tensor force in enforcing chiral cancellations.
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Finally, the first computation of the parity doubling for baryons is presented
in figure 3.

A, spectrur?
0=0.135 GeV

« Computed, natural parity ‘ ‘ ‘
* Computed, parity doubler
3.5H ¢ PDG, natura parity

| o PDG, parity doubler f ,
3 I ! % §
2 t ]
QO 25F 3 4
= a f |
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| i | | | | | | | ]
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3 I % .
2 t ]
O 250 % ; il
= 0 W 1
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15+ 1 -

Fig.3. Parity doubling in the spin-excited A spectrum. Top: with infrared quark mass as
calculated in the model (probably too low). Bottom: quark mass rescaled to fit Landau-
gauge lattice data. The model clearly displays parity doubling. The experimental situa-
tion is still unclear, the degeneracy can be claimed for the 9/2 states alone, and the chiral
partners higher in the spectrum are not experimentally known.

Let us now show that there are indeed two closely separated baryon dou-
blets, slightly split by tensor forces. We find convenient to employ the gap angle
instead of the quark mass

sinp(k) =
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and the Dirac spinors can be easily parametrized as
Uor — 1 V1 +sindxa
K)‘_\/E VT —=sino - Rxa

v 1 {—\/1—sind>,<0'-ﬁi02x;\}
_KA = .

ﬁ V1 +sindioaxa

Substituting these spinors, and in terms of Bogoliubov-rotated quark and anti-
quark normal modes B, D, the chiral charge takes the form

d3k T
5 _
@[5 2, (%) ©
ANffrc £’

(cos ¢ (k)

(oK) (BLM Biarfrc + D! D g/ )-1—

c c —kAfe c
sin ¢ (k)

(iGZ)AA’ (BTk}\fCDT,k)\/f/C +Bk)\chfk)\’f’C)) .

(4)

)

In the presence of Spontaneous Chiral Symmetry Breaking, sin ¢(k) # 0, and the
two terms in the second line are responsible for the non-linear realization of chiral
symmetry in the spectrum. One can see this by applying the chiral charge on a
hadron state to collect the same hadron state plus a pion. As in Jaffe, Pirjol and
Scardiccio [11],

[Q§,N{T =vo () eane T O NS . )

(Here, i and j are the chiral multiplet indices).

Eq. (7) is easy to derive because the io, matrix couples the quark-antiquark pair
to pseudoscalar quantum numbers, so the terms in the second line of eq.(6) pro-
vide an interpolating field for the pion. In fact, if the vacuum is variationally
chosen as the BCS ground state |Q) with B|Q) = 0, D|Q) = 0, sin ¢(k) then pro-
vides precisely the RPA pion wavefunction in the chiral limit, and the terms with
sin ¢ (k) become the RPA pion-creation operator.

If instead Chiral Symmetry was not spontaneously broken in QCD, M (k) ~ 0
and sin ¢ (k) ~ 0. As a consequence, it is obvious that the chiral charge would not
change the particle content since the second line of eq.(6) would vanish, and the
first line is made of quark and antiquark number operators. Then chiral sym-
metry would be linearly realized in Wigner-Weyl mode where hadrons come in
degenerate opposite-parity pairs

[QS,N{]=OgN;
[Q¢,N;T=0OgN;" .

The parity change follows from the o-k p-wave present in the first line of eq.(6).
In fact, the contemporary realization is that both phenomena are simulta-
neously realized in QCD. The vacuum is not annihilated by the chiral charge,
forcing spontaneous symmetry breaking, but the mass gap angle has compact
support and if, in a hadron, the typical quark momentum is high, as illustrated in
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figure 4, its wavefunction is insensitive to Chiral Symmetry Breaking. Therefore
one asymptotically recovers degenerate Glozman parity doublets. We will in the

following drop the isospin index.

BCS angle from gap equation and lattice

3 T
0.1 E
= [ ]
¥ 001- i
c E ]
@ r ]
0.001¢ E
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— Linear potential, 0=0.135 GeVz, sing(k) ]
0.0001L=== Linear potential, sing(k/4) L L
' 8:.1001 0.01 or 1 100
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Fig.4. The sine of the gap angle M(k)/+/(M(k)? + k?) has limited support if the chiral-
symmetry breaking quark mass remains of order Agcp or less. Top: we show the running
mass from a model computation for a linear potential with string tension o = 0.135 GeV?,
and its rescaling to match Landau-gauge data [12,13] (no Coulomb-gauge lattice data
for the quark mass is known to us). Bottom: Quark-momentum distributions for Az,
and Ay, with simple variational wavefunctions. The quark-momentum distribution for
higher hadron resonances has smaller overlap with this gap angle, and therefore the
quarks in those hadrons behave effectively as if they were massless. Hence they become
insensitive to the gap angle, and chiral symmetry is restored in Wigner-Weyl mode with

degenerate multiplets.
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If a given resonance is high enough in the spectrum so the quarks have a
momentum distribution peaked higher than the support of the gap angle, as in
figure 4, only the first line of Eq.(6) is active. Q5|N) contains also three quarks,
but one of them is spin-rotated from By to o-Kans B’ Successive application of
the chiral charge spin-rotates further quarks, changing each time the parity of the
total wavefunction. However the sequence of states ends since o-ko-k = I. In fact,
starting with an arbitrary such wavefunction, one generates a quartet

ZFUkBTBTBT Q)

Z Fl]k

((G-quT)_ B;BL + permutatlons) Q)
1

Z Fl]k

((G.qu’f)i (G.RjBT)j Bl + permutations) Q)

|N3 ZFUk

(a-quT)i (a-quT)j (a-kkBT)k Q)

that is the natural basis to discuss chiral symmetry restoration in baryons, through
wavefunctions that are linear combinations |N) = >~ ¢;|Ny).

Because the Hamiltonian and the chiral charge commute, they can be diago-
nalized simultaneously.

The quartet then separates into two doublets connected by the chiral charge

Qs(No —N2) = N3 —N; 8)
Qs(Ny — 3)=N0—N2

Qs(No +3N2) = 3(3N; + N3)

Qs(3N71 + N3) = 3(No + 3N2)

Since the quartet can be divided into two two-dimensional irreducible representa-
tions of the chiral group, (with different eigenvalues of Q2, 1 and 9 respectively),
the masses of the two doublets may also be different, and the interdoublet split-
ting becomes a dynamical question. However, the splitting within the doublet
must vanish asymptotically. This is a prediction following from first principles-
understanding of QCD alone. Should it not be borne experimentally, it would
falsify the theory.

Of course, parity doubling is a property of a more general class of theories
than QCD. Even for fixed (not running) quark mass, when the typical momenta
are high enough (K) >> m in the kinetic energy, the effects of the quark mass are
negligible. Parity doubling then comes down to whether the interaction terms are
also chiral symmetry violating or not.

To round off this work, let us look ahead to what the highly excited spin
spectrum may reveal. The J-dependence of the fall-off of the splittings M, —M_
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is an observable that reveals the underlying chiral theory. If precise data becomes
available at ELSA or Jefferson Lab (note the EBAC, Excited Baryon Analysis Cen-
ter effort [19]), in particular for the Aj; with | = 7/2,9/2,11/2 parity doublets,
one should be able to distinguish between the typical 1/+/1 fall-off for non-chiral
models and the faster drop for chiral theories. (Higher yet in the spectrum, also
the chiral theory may take on the 1/1/1 behavior due to the small remaining cur-
rent quark mass that falls only logarithmically)!.

Since the two doublets are closely degenerate, both positive and negative
parity ground states will have a nearby resonance with identical quantum num-
bers. Given the width of those states, it is likely they will only be distinguished
by very careful exclusive decay analysis. Meanwhile, if interpreted as only one
resonance, their decay pattern will defy intuition.

It is also worth remarking that the spin-orbit interaction is very small in the
low-lying spectrum, due to cancellations between scalar and vector potentials
and the Thomas precession [20]. However, higher in the spectrum, the vector
YoYo potential comes forward, and it is known to present larger spin-orbit split-
tings than found to date. Therefore not all splittings in a given baryon shell will
disappear alike: while parity splittings must decrease fast by chiral symmetry,
other spin-orbit splittings will stay constant or even grow. This is demanded by a
necessary cancellation between L-S, centrifugal forces 1(1 + 1) and tensor forces.
This has been explicitly shown for mesons in [21].

Table 2. Total width, exclusive pion-nucleon width and semiinclusive pion width (decay
to one pion plus any other particles excluding pions) for the ground state Aj resonances.
All units MeV. Data adapted from PDG[23] .

J° r [FRN Trex
37111812 118(2) 118(2)
37 {300(100) 50(30) 190(90)
37 1330(60) 42(18) < 80(20)
27 |350(150) 40(30) -
77 | 285(50) 115(35) 170(30)
27 1400(150) 30(20) -
27 1400(150) 30(20) -
27 |400(180) 35(25) -
1171450(150) 50(40) -
11—

2

L1371400(200) 20(12) -
1371550(300) 30(25) -

! Other authors have argued that flattening of the potential in a non-relativistic quark
model for large distances due to screening (string-breaking) also leads to parity degen-
eracy [18]. We are preparing an additional paper that will provide the necessary detail
for chiral models to distinguish them.
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It has also been pointed out [8,22,10] that the pion decouples from the very
excited resonances due to the falling overlap between the Ax wavefunctions and
sin ¢(k) (the pion wavefunction in the chiral limit). This might already be observ-
able in the known widths for pion decays, that decrease even with larger phase
space, see table 2. There are lattice calculations addressing low-excited baryons
[24], but it is still a long way to go until highly excited states can be examined.
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/A(1405) and X(3872) as multiquark systems
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Abstract. We have investigated the effects of (qq) pairs on the baryons and mesons by em-
ploying two examples: A(1405) and X(3872). The A(1405) resonance is treated as a q°>-qg
scattering which couples to the q* orbital (0s)?0p state by the one-gluon exchange interac-
tion. Due to the coupling of this q> state, we find that a peak appears at around 1405 MeV.
We also investigate the system by employing a baryon-meson model with a separable in-
teraction. By simplifying the model, we can clarify the mechanism and condition to form a
peak. As for the X(3872), we investigate qqcc isospin 1 and 0 systems with the orbital cor-
relation. For the isospin 0 system, we also consider its coupling to the cc state. The results
show that there can be a bound state of qqcc with J*< = 1", which is a coupled state of
the JAp-p(or w) and D-D* molecules with a multiquark configuration in the short range
region. Both of the two examples indicate that an extra (qq) pair may play important roles
especially in the excited hadrons.

1 A(1405) by a quark model’

Properties of the A(1405) is hard to understand; the conventional quark picture,
which assumes the g3 (0s)?(0p) configuration, cannot give the observed A(1405)
light mass, nor the large splitting between A(1405) and A(1520) [2]. Moreover,
since A(1405) has a large width, the mixing between this q° state and the contin-
uum should not be neglected.

To describe A(1405) as a peak in the baryon-meson scattering, we have in-
vestigated q>-qq scattering system with a g pole [1]. The scattering is solved
by employing the Quark Cluster Model (QCM). The pole, which we assume the
flavor-singlet q° (0s)%(0p) state, is treated as a bound state embedded in the con-
tinuum (BSEC). In the present model, the effective quark interaction consists of
the one-gluon exchange (OGE) and the instanton-induced interaction (Ins) as well
as the linear confinement potential. With a parameter set which reproduces both
of the observed S-wave flavor-octet baryon and meson mass spectra, we perform
the £7-NK coupled channel QCM.

We found that the peak energy can be 1405 MeV, namely by about 30 MeV
below the NK threshold in the spin J isospin 0 channel even if the mass of the
q® pole without the coupling is taken to be the conventional quark model value,
which is above the threshold by about 55 MeV. The peak disappears when the

! This work has been done in collaboration with Kiyotaka Shimizu (Sophia University)

[1].
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Fig.1. Mass spectrum and the phase shift (5) of the Zrt and NK coupled channel QCM.

coupling to the g pole is switched off. The obtained peak width agrees with
the experiments reasonably well. The NK scattering length is roughly half of the
observed value [3]. For details, please check our paper [1].

2 A(1405) by a baryon-meson model?

Recently, it was reported that a baryon-meson model with the chiral unitary ap-
proach can reproduce the A(1405) peak without the help of an quark pole [4,5].
Then a new question arises: there should be the flavor-singlet q° state, which is
supposed to affect the baryon-meson scattering in this energy region.

To investigate the mechanism and condition to form the peak, we employ a
simple baryon-meson model with the semi-relativistic kinematics.

T=V+VGOT 1)
G(o) :1J' d4q M 1 1
P 2% Q Eror —q°— Q+1ie g0 — w2 f1e
:J' d*’q mM 1 1 @)
(2m)3 wQ 2MEor —q° — Q +ie ’

where M[m] is the baryon [meson] mass, Q = /M? 4+ g2, and w = y/m? + ¢2.
The model also includes BSEC, which can be considered as the flavor-singlet
q> pole, or more accurately, as a pole not originated from the baryon-meson de-
grees of freedom. We divide the model space into P (the baryon-meson space) and
Q (the BSEC space). Because the Q-space contains only one state, we can safely

? This work has been done in collaboration with Kiyotaka Shimizu (Sophia University).
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set Voo = 0. Using P + Q = 1, we obtain the T-matrix as:
T=T% +(1+ VppGp)VpqaGqVar(l + GpVep), 3)

where T(P) is the T-matrix solved within the P-space.
The potential we employ is separable:

V, 1
Vpp = Z fi; ?O exp[—Zaz(pz +p"?)] (4)

1<

1
Vpg = Vp Z fi(c1 + cpbzpz) exp[fzbzpz] ) (5)

Here V, is taken so that the strength of the potential is the same as that of the
chiral model approach. The factor fi; corresponds to the Casimir operator in the
flavor space, (Fg1i - Fmj), when we investigate the chiral-unitary type model. This
we call the FF-type in the following. To investigate the quark model, we also use
fi; whose channel dependence is color-magnetic-like: (—(A - A)(o - 0)), which we
call AAoo-type. As shown in Table 1, the FF-type interaction is strongly attractive
both in the NK and L7 channels, while A oo-type is attractive in the 7t channel,
but not in the NK channel. We also show the f! value for the transfer potential.
This is calculated by assuming that the pole is flavor-singlet for the FF-type, while
we use the quark model value for the AAoo-type.

Table 1. Matrix elements fi; and f{ for the FF-type and and Mo o-type models.

FF-type| 7t [NK| An | =K Moo-type| I | NK |  An =K
s | —8|v6| 0 | —V6 D4 713—6 ”26—]‘/7 7%
NK —6[3v2| 0 NK 0 | 25 |
An 0 [-3v2 An H2 o |-40v70
=K —6 =K —160
f] -1/3| 3 Vifl | 140| —85 53 -

The condition to form the resonance by about 30MeV below the NK thresh-
old and 80 MeV above the X7 threshold, which is numerically we confirmed in
this work, is as follows. (A) Suppose there is no Q-space, there has to be a strong
attraction in the NK channel, but not in the 7t channel. Otherwise, there may be
a X7 bound state or threshold enhancement, but it is impossible to form a reso-
nant peak by 80 MeV above the Z7 threshold. (B) Suppose the NK channel is not
attractive enough, it is necessary to introduce the Q-space. In the case (B), there is
another kind of condition to have a ‘broad” peak. All the continuum states except
for those below the pole energy push the pole state downwards by the interaction
Vgp. On the other hand, the width is governed by the size of Vgp at around the
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pole energy, where p is about 0.75 fm~'. So, suppose the interaction Vqp is pro-
portional to p? (the ¢, term), the real part of the pole energy reduces more rapidly
than the imaginary part increases. This will result a narrow peak. In contrast to
this, the ¢y term tends to produce a peak with a broader width.
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Fig.2. Mass spectrum and the phase shift (5) given by the baryon-meson model with the
FE-type (left figure) or the CM-type (right figure) potential.

It is found that the FF-type model can reproduce the peak without introduc-
ing an extra pole if the cutoff energy of the baryon-meson interaction is rather
high. This situation is similar to the chiral unitary approach. One of the key points
here is that the green function, eq. (2), contains the m/w factor, which suppresses
the strong attraction in the X channel. This picture corresponds to the condition
(A) mentioned above.

When one uses the form factor which corresponds to the baryon and meson
sizes in the quark model, however, the effective cutoff becomes lower, and the in-
teraction becomes weaker. In such a case, the model requires an extra pole, which
can be considered as the flavor-singlet g> pole, to reproduce the observed peak
(Figure 2). The situation corresponds to the condition (B). By assuming c;#0 and
and ¢, =0 (c1-type in the Figure 2), the peak actually becomes broad. The NK scat-
tering length becomes —1.68+i0.42, which also agrees well with the experimental
value, —(1.70+0.07)+i(0.68+0.04) [3].

When we employ the AAoo-type interaction, we find that the model repro-
duces a peak similar to the original one by introducing the q> pole. The situation
also corresponds to the condition (B). Here, we use the c;-type for the simplicity,
though both of the ¢ and ¢, have nonzero values in the quark model picture,
which can be obtained by keeping the center of mass momentum of the quark
system equal to zero.
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Table 2. Matrix elements of the interactions between qq pairs. The color-magnetic interac-
tion, —((A - A)(0o - 0)), is denoted as CMI, the pair-annihilating term of OGE (OGE-a), the
spin-color part of the instanton induced interaction (Ins), and estimate value by a typical
parameter set, E.

color spin flavor CMI OGE-a Ins E[MeV] States
1 0 1 —16 0 12 84 |
1 0 8 —16 0 —6 —327 m, K
1 1 1 16/3 0 0 63 w
1 1 8 16/3 0 0 63 p
8 0 1 2 0 3/4 41
8 0 8 2 0 —-3/8 15
8 1 1 -2/3 9/2 9/4 97
8 1 8 -—2/3 0 -9/8  —34ccqqwith]PC=0""1"" 1"+ 2"+

We argue that both of the pole originated from the quark degrees of free-
dom and the baryon-meson continuum play important roles to form the A(1405)
resonance[6].

3 X(3872)3

After the discovery and the confirmations of the peak X(3872) and enhancement
X(3941) in the "t JAp channel [8,9], many works on these peaks have been re-
ported. The peak X(3872) does not seem a simple cC state, as was summarized in,
e.g., Ref. [10]. The fitting of the 77t mass spectrum of the experiment suggests that
the peak X(3872) is p + JAp with J?€ = 17+ [11]. Many theoretical works have also
been performed. It was suggested that this peak is a higher partial wave of the
charmonium state, a DD* molecule, a qqcc multiquark state, or the bound state
of the charmonium with a glue-ball, ccg. The situation is summarized, e.g., in ref.
[12].

One of the most promising explanations is that the peak is a qqcc state. The
width of the X(3872) is narrow, less than 2.3 MeV [9]; namely, its decay to the DD
channel should be forbidden. This restricts the spin-parity of the state. It seems
that 177 state is the strongest candidate [12].

In this work, the qqcC systems are investigated by a quark model with the
orbital correlations. The model hamiltonian has the long-range - and o-meson
exchange between quarks in addition to OGE and Ins.

The wave function of the qqcc systems consists of the color, flavor, spin, and
orbital parts. The flavor part is taken to be qqcc. The spin of the qq, as well as that
of ¢C, is taken to be 1, so that the C-parity is kept positive within this part. The
total spin is also taken to be 1. The orbital correlation is fully taken into account
by performing the the stochastic variational approach. The color part has two

® This work has been partially done in collaboration with Amand Faessler, Thomas
Gutsche, Valery E. Lyubovitskij (X(3872), Inst. fiir Theo. Physik, Universitat Ttibingen)
and published in Ref. [7].
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Density distribution
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Fig.3. Density distribution of the gqqcc bound
state in the T=1 J*¢=1"" channel.

components: the one where the cc pair is color-singlet, (JAbp)11, and the color-
octet one, (JAbp)ss.

Since the hyperfine interaction between the quarks is inversely proportional
to Mquark, properties of this system depend mainly on the interaction between
the light quark-antiquark pair. In Table 2, we show the matrix elements of relevant
interactions: the color-magnetic interaction (CMI), the pair-annihilating term of
OGE (OGE-a), Ins, and an estimate by a typical parameter set used for a quark
model. The most attractive pair is the color-singlet, spin 0, flavor-octet, which
exists, e.g. in the pion. There is another weak, but still attractive pair: the color-
octet, spin 1, flavor-octet one. Such a pair is found in the qqcc isospin T=1 systems.
T=0 pairs may also be attractive if OGE-a and Ins are weak, whose size is not well
known in these channels.

By using a parameter set which gives correct baryon and meson spectrum,
we find a JP¢ = 11+ bound state for each of the T=1 and 0 channels (Table 3). The
absolute value of the binding energy, however, depends on the strength of the
o-meson exchange: we can also find a parameter set which gives equally good
hadron mass spectrum, but gives a bound state only for the T=1 state.

In Figure 3, the density distribution of the (JApp)11 and (JAbp)ss components
in the T=1 bound state is shown as a function of relative distance between JAp
and p. The (JAbp)11 component, having a long tail, looks like a JAp-p molecule.

(JAbp)ss, in which the confinement keeps the two color-octet mesons close, has
large overlap to (DD*)11. So, we also show the the density distribution of the
(DD*)11 and (DD*)gg components as a function of relative distance between D
and D* in the figure. The (DD*)17; component has also a long tail, which looks
again like a molecule.

The obtained bound state, however, is not a simple two-meson molecule.
The multiquark component, where quarks in different color-singlet mesons are
also correlated, is found to be important; suppose the orbital wave function is re-
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stricted to ¢y, G (Rjape) and ¢p dp.P(Rpps+) without inter-meson quark cor-
relation, the binding energy reduces by 17 MeV.

As for the T=0 channel, there should be a mixing between the qqcc state and
the cc excited state. We assume that it occurs by OGE, as we did in A(1405), and
that the mass of cc state is 3950 MeV, which corresponds to the value calculated
by Godfrey et al. [13]. When this coupling is switched on, we find that the binding
energy increases by about 20 MeV (the precise value depends on the parameters).
Namely, masses of the isospin 1 state and 0 state can be close to each other, which
may cause a rather large mixing between these states.

Since the isospin symmetry of this system is broken as seen from mp+ —
mpo = 4.78 MeV, X(3872) may be a superposition of the above two bound states.
Actually, a toy model of two free scattering channels and two poles with T=0 and
1, shows us that the threshold difference mixes the isospin of the shallow bound
state considerably.

We consider that feature of the system can be explained by a two-meson
molecule with a short-ranged attractive multiquark configuration and the excited
CC core state.
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Abstract. The Belle experiment at the KEKB asymmetric-energy e e~ collider provides
an excellent environment not only for B physics, but also for studies in charm and charmo-
nium spectroscopy. Most important Belle achievements in this field include observations
of several yet undiscovered particles and measurements of their properties. In this paper
we report and briefly discuss most recent of these experimental results.

1 Introduction

The Belle detector [1] at the asymmetric-energy e*e™ collider KEKB [2] has ac-
cumulated about 850 fb~! of data by July 2008. The KEKB collider is called a B-
factory; it operates with a peak luminosity that exceeds 1.7 x 103* cm~2s~ ! at the
Y(4S) resonance, slightly above the BB-production threshold, and the accumu-
lated data set contains a large number of BB pairs. Although both B-factories—a
similar collider called PEP-II delivers data to the BABAR detector—were initially
designed for measurements of CP violation in the B-meson system, it was soon
clear that excellent detector performance and large amount of experimental data
also enable searches for new charm and charmonium states as well as studies of
their properties.

2 Excited charmed strange mesons (Djy)

The interest in Dsj mesons received a boost after recent discoveries of two states:
D%,(2317)" in D{n® decay mode! and D;(2460)" in D**n® mode, both ob-
served with continuum e*e~ — c€ events by the BABAR[3] and CLEO [4] collabo-
rations, respectively. Belle confirmed the existence of the two states in continuum
events [5], butalso in B — DDgj decays [6]. An angular analysis performed in the
latter case, favours the J° = 0" and 17 values for D%,(2317)" and D (2460),
respectively.

Due to the D meson in their final state, the states D%,(2317)* and D1 (2460) "
are most naturally interpreted as P-wave excited c5 states with j = |[L + Sg| =
1/2, where [L| = 1 is the orbital angular momentum and Sz is the spin of the

! Charge-conjugated modes are implied, unless explicitly stated otherwise.
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light s-antiquark. Nonetheless, while the masses and widths of previously ob-
served Dg;(2536)" and D, (2573)" are in relatively good agreement with poten-
tial model predictions, both the masses and widths of D,(2317)" and D;(2460) "
states are smaller than expected (see Ref. [7] for a discussion of c¢s models). Ad-
ditionally, the mass difference between the two newly observed states is much
larger that the difference between the masses of D1 (2536)" and D, (2573)*. All
these properties have led to interpretations of the D%;(2317)" and D (2460)"
as four-quark states or at least as states with significant four-quark content. Ex-
perimentally, these interpretations could be tested in decays B® — D{;K~, where
the initial B®-meson quark content (bd) is completely different from the one in
the Dj]K_ final state (csstt). However, Belle results [8] were not conclusive about
the four-quark content of D%;(2317)" and D1 (2460) %, but at least supported the
claim that these two states do not belong to the same spin-doublet.

2.1 Observation of a new state D4y (2700)
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Fig.1. Left: Dalitz plot for B" — D°D°K" decays. Centre: B meson signal yield versus
M(D°K™) for M(D°D®) > 3.85 GeV/c?. The solid curve denotes the total fit result, while
the dotted curve shows the sum of non-D;(2700)" components—including the 1 (4160)
reflection on the right. Right: Efficiency corrected D;(2700)* helicity-angle distribution
together with predictions for various spin hypotheses: ] = 0 (dotted line), 1 (solid line)
and 2 (dashed line).

In order to obtain further experimental data and help resolve the issues for
D, states, Belle recently performed an analysis of the B* — D°D°K* decays
using a data sample containing about 449 - 10° BB pairs [9]. A study of the Dalitz
plot for the AE-M,, signal region? (see the left-most plot in Fig. 1) revealed that
the decay B* — D°DP°K™ proceeds dominantly via quasi-two-body channels:
B+ — 1(3770)K* and B* — D°Dy;(2700)*. While the observed rate for 1(3770)
production in B meson decays is consistent with our previous observation [10],

> The two kinematic variables identify B-meson candidates: AE = Ep — Epeam and
My = 1/¢*/E2,... — (psc)?, where Eg and pg are the energy and momentum of the B

candidate, and Epeam is the beam energy, all expressed in the centre-of-mass (CM) frame.
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the D;(2700)* is a previously unobserved resonance in the D°K* system (see
the central plot in Fig. 1) with a mass of M = (2708 + 9ﬂé) MeV/c? and a width
of I' = (108 + 23%3%) MeV/c2. The observed decay mode and angular analysis
(see the right-most plot in Fig. 1) clearly favour the interpretation of Dj(2700)"
as a ¢s meson with J® = 1. The new meson could be a c3 radially excited 235,
state [11] with a mass of (2710 — 2720) MeV /c? or the 1~ chiral partner [12] of the
D,1(2536)" meson with a mass of (2721 + 10) MeV/c2. Additional measurements
are needed for the new meson to distinguish between the two existing interpre-
tations.

2.2 Ds1(2460)" - Ds1(2536) " Mixing

Another interesting result on Dgj mesons comes from the recent study [13] of
D;1(2536)" mesons, produced inclusively in e*e™ — D1(2536) " Xynything Teac-
tions. The analysis is based on the ete™ continuum data set corresponding to
462 fb~! and uses two decay modes for a D1(2536)" reconstruction, namely
D;1(2536)" — DT K™ and Dy1(2536)" — D*"KQ. The observed invariant
mass Mp+r-k+ and the invariant mass difference Mpo, g — Mpoy+ for all
selected D~ K" and DOt K¢ combinations are shown in Fig. 2. The ratio of
branching fractions of the two studied decay modes is found to be: B(Ds;(2536)*
— DT K*)/B(Dn"K®) = (3.27+0.1840.37)%. The decay channel D (2536)"
— DT K™ is only the second observed three-body decay mode of the D1 (2536) "
meson (after Dg1(2536)" — Dintn) [14].

The large and clean D1(2536)" — D**KZ sample enables a partial-wave
analysis for this decay mode. Heavy Quark Effective Theory (HQET) predicts that
for an infinitely heavy c-quark the D**K¢ decay of the [J° = 1%;j = 3/2) state,
Ds1(2536)*, should proceed via a pure D-wave [15]. The same decay of its part-
ner D (2460)", the [11;1/2) state, would proceed via a pure S-wave—if this was
energetically allowed. Since the heavy quark symmetry is not exact, the two states
can mix, and an S-wave component can appear in the decay D7 (2536)" — D*K.
Even if mixing is small, the S-wave contribution to the total width can be size-
able, since the D-wave contribution is strongly suppressed by the small energy
release in this decay. Using a small polarization of Ds;(2536)" mesons produced
in ete” annihilations and performing a simultaneous fit to the three angles in
the decay D;1(2536)"7 — D**KE;D** — DOn", the measurement shows that
the S-wave actually dominates. Its contribution to the total width in the decay
D;1(2536)" — D*KQ is T's /Tiotal = 0.72 = 0.05 = 0.01. This result indicates there
is a mixing between the two states: D1(2536)" and D (2460)".

3 Charmonium and Charmonium-like States

There are several possible mechanisms of the charmonium(-like) particle produc-
tion at B-factories: production in the B-meson decays, formation of C-even states
in yy processes and in e* e~ annihilation into J/(c¢), and creation of J7¢ =1-~
resonances in e e~ annihilation after the photon radiative return. Several of these
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charmonium(-like) particles have been recently discovered. The naming conven-
tion for these new X, Y, Z states indicates the lack of knowledge about their struc-
ture and properties at the time of discovery.

3.1 The X(3872) news

In 2003 Belle reported on the BT — K*J/\pm* 7~ analysis [16], where a narrow
charmonium-like state X(3872) decaying to J/\m* 7~ was discovered, and soon
confirmed by CDF, DO and BABAR[17]. In PDG2006 [14], the world average of the
mass is (3871.2 & 0.5) MeV/c? and the upper limit on its width, as measured by
Belle, is 2.3 MeV. X(3872) does not appear to be a simple charmonium state and its
quantum numbers are not yet determined. The observed X(3872) — vyJ/{ decay
[18] (implying C = +1) as well as results of angular analyses [19,20] and studies
of J/\mt 7~ kinematical properties favour J°¢ = 17+ and 2~ assignments. The
latter possibility could have been ruled out by the study of B — KD°D°n® de-
cays, where a near-threshold enhancement for the D°D°n® invariant mass was
observed at (3875.4 + 0.7 + 1.1) MeV/c? [21]. However, since the invariant mass
of the DD7t peak was about 20 higher than the world average value for X(3872),
this result encouraged speculations about the two similar states, as predicted by
a four-quark model of X(3872)[22]. Another interpretation of X(3872), a DOD*0
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molecule, is strongly motivated by the fact that the X(3872) mass is very close to
the DOD* threshold [23].

Belle recently reported on the updated X(3872) analysis, using the data sam-
ple of 657-10° BB pairs [24]. X(3872) — J/{m*n~ decays are reconstructed in both
charged and neutral B decays (see Fig. 3), and the observed ratio of the branching
fractions, B(B® — K2X(3872))/B(B* — K*X(3872)) = 0.82+£0.22 £0.05, is of the
order of unity. Comparison of the neutral and charged B-meson signal can serve
as a test for the four-quark hypothesis of X(3872), which predicts the existence
of two four-quark states—ccutt should be produced mainly in charged and ccdd
in neutral B-meson decays—with a mass difference of AM = (8 & 3) MeV/c?
[22]. In contrast to this expectation, no mass difference between the X(3872) can-
didates in charged and neutral B-meson decay is observed: AM = (0.18 £0.89 +
0.26) MeV/c2. The measurements therefore favour the charm-meson molecular

interpretation of X(3872), although the virtual state of two charm mesons is also
not excluded [25].

3.2 Charged charmonium-like state: Z (4430), ...

Recently a new charged state was observed by the B — Kn*(2S) Dalitz anal-
ysis, performed on a data sample with 657 - 10° BB pairs [26]. Both charged
and neutral B decays are used, and the \{(2S) candidates are reconstructed in
four decay modes: ete, u*u~, and J/ Pt with J/p — ete, ptu~. Af-
ter excluding the Km Dalitz regions that correspond to K*(890) and K3%(1430)
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Table 1. Properties of J*S = 17~ states (Y resonances) observed by Belle using the ISR
technique.

Y state Decay mode M (MeV/ c?) I' (MeV)

Y(4008) J/pm w4008 £407 117 226 + 44 £ 87
Y(4260) J/mtm 4247 £12717 108 £19£10
Y(4360) Y(2S)mt T 43614+ 9+9 74415410
Y(4660) P(2S)mt w4664+ 1145 48+15+3

mesons, a strong enhancement is seen in the ™ (2S) invariant mass distribu-
tion (Fig. 4). A fit with a Breit-Wigner shape yields a peak mass and width of
(4433 £ 4 £ 2) MeV/c? and (45715 73%) MeV, with a 6.50 statistical significance.
The observed resonance called Z*(4430)—if confirmed by other experiments—
would be the first charmonium-like meson candidate with non-zero charge, and
could be interpreted as a charged molecular or a four-quark state. Systematic
studies of B — Kmr(c€) decays could reveal other similar neutral and charged
partners [22]. During the preparation of this paper, a study was already reported,
indicating the existence of a broad doubly peaked structure in the 7t x.; mass for
exclusive B® — K7t .1 decays [27].

3.3 Study of JP€ = 1~ states using ISR

Initial-state radiation (ISR) has proven to be a powerful tool to search for 17~
states at B-factories, since it allows to scan a broad energy range of /s below
the initial e* e~ CM energy, while the high luminosity compensates for the sup-
pression due to the hard-photon emission. With the ISR technique, BABAR dis-
covered Y(4260) state above D*)D*) threshold in the ete™ — ygrY(4260) —
Yisr) /Wt process [28].

Using the same method as BABAR on a data sample of 548 fb~!, Belle recently
confirmed the Y(4260) state, but also found another resonant structure, called
Y(4008) (see the top plot of Fig. 5)[29]. A similar analysis was performed on a
673 fb~! data sample to study the ISR e* e~ annihilation process resulting in the
P(2S)tt 7t~ final state [30]. The obtained (2S)n"7n~ mass distribution, shown
in the bottom plot of Fig. 5, reveals two resonant structures, called Y(4360) and
Y (4660). While Y(4660) still needs a confirmation, the former resonance, Y(4360),
has a mass similar to the wide structure at (4324 + 24) MeV/c?, observed previ-
ously by BABAR[31]. Fit results for Belle measurements are summarized in Table 1.
The four Y states observed in J /™~ and P (2S)tn~ decay modes are distinc-
tive, although there is a hint that Y(4260) could also be seen in the {(2S)m 7
decay mode [32]. The nature of Y states and their strong couplings to ]/
and P(2S)mt are somewhat puzzling: such heavy charmonium(-like) states
should decay mainly to D*)D*), but it seems that observed Y states do not match
the peaks in ete™ — D )EDHTF cross sections, measured by Belle with ISR at
Vs <5GeV [33].
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3.4 Double cC production in e* e annihilation

Belle observed a surprisingly large double charmonium production in a study
of the ]/ and P(2S)(— J/pm7~) recoil mass® spectrum for inclusive e*e™ —
J /X processes [34]. The extracted ete™ — J/{(cC) cross-section was more than
five times larger than values from the tree-level QCD calculation and still rep-
resents a challenge for theorists. The J/1{ recoil method was further improved

Table 2. Properties of two states observed in double cc production. Significance includes
systematic uncertainties.

Xstate Decay mode M (MeV/ c?) T (MeV) Significance (o)
X(3940) DD 39427/ +6 37°28+8 5.7
X(4160) DD 4156725 +15 1397117 + 21 5.1

and used for studies of C = +1 charmonium states above DD threshold. A
D) meson besides the J /1 is reconstructed, and a constraint Myecoi (J/PD*)) ~
M(ﬁl%)c) is then applied to select efe~™ — J/PD*D™) events (see the recoil
mass distributions in Fig. 6). As a result of this method, two states, X(3940) and
X(4160), were identified in the DD* and D*D* distributions, respectively [35,36].
The fit results for the two peaks, shown in Fig. 6, are summarized in Table 2.
Possible interpretation for these states include conventional n¢(3S) and xco(3P)
charmonia.

3 E.g. the J/1 recoil mass, Mecoi (J/ ) = 1/¢? V/(Ecm — E¥)Z — (cp*)?, is calculated in
the CM frame with the total event energy (Ecm) and J/1p energy and momentum (E*
and p*).
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4 Summary and Conclusions

The Belle experiment at the KEKB collider provides an excellent environment
for charm and charmonium spectroscopy. As a result, many new particles have
already been discovered during the Belle operation, and some of them — like
D¢;(2700)", X(3872), X(3940), X(4160) and Z*(4430)— are mentioned in this re-
port. As new experimental data are still accumulated and many studies are on-
going, more interesting results on charm and charmonium spectroscopy are to be
expected from Belle in the near future.

The Belle experimental results have already raised a lot of interest among
theoretical physicists. Various interpretations for the nature and properties of
newly observed states have been proposed. Some of the answers might be found
in the near future, perhaps following also the ideas presented at this workshop.
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Abstract. We present a method to calculate the pion electro-production amplitude in a
framework of a coupled channel formalism incorporating quasi-bound quark-model states.

1 Introduction

In our previous work ([1] and [2]) we have developed a general method to in-
corporate excited baryons represented as quasi-bound quark-model states into a
coupled channel calculation using the K matrix. The method has been applied to
calculate pion scattering amplitudes in the energy region of low-lying P11 and
P33 resonances. In addition to the elastic channel we have included the A and
oN (oA) channels where the o-meson models the correlated two-pion decay. We
have been able to explain a rather intriguing behaviour of the scattering am-
plitudes in these two partial waves in the range of invariant energies from the
threshold up to W ~ 1700 MeV. In this work we show how the formalism can be
extended to the calculation of electro-production amplitudes.

2 Incorporating quark-model states into multi-channel
formalism

We consider a class of chiral quark models in which mesons (the pion and the
sigma meson in our case) couple linearly to the quark core:

Hisan = | e Y {0r 0l (91ma(0)+ [Vime (0ums(K) + Vi (6) g (1]},

lmt

where aimt (k) is the creation operator for a meson with angular momentum 1 and

the third components of spin m and isospin t. In the case of the pion, we include
only 1 = 1 pions, and Vit (k) = —v(k) 2311 ol Tl is the general form of the pion

source, with the quark operator, v(k), depending on the model. It includes also

* Talk delivered by B. Golli
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the possibility that the quarks change their radial function which is specified by
the reduced matrix elements Vgg/(k) = (B||V(k)|[B’), where B are the bare baryon
states (e.g. the bare nucleon, A, Roper, . . .)

We have shown that in such models it is possible to find an exact expression
for the K matrix without explicitly specifying the form of the asymptotic states.
In the basis with good total angular momentum ] and isospin T, the elements of
the K matrix take the form:

(UEB/
kw ’

Kiin = =V (WHIVIRIWs ), N = (1)

where w and k are the energy and momentum of the meson. Here ¥} is the

principal value state corresponding to channel H specified by the meson (7, o,
..) and the baryon B (N, A, .. .):

dk k ~
|W}]—%'> :NH {Z C%|(DR> [ NJB ]T + ZJ'(Uk—I-XE—()\/V [aT(k)‘WB/H]T
R

2)
The first term is the sum over bare tree-quark states @ involving different ex-
citations of the quark core, the next term corresponds to the free meson and the
baryon (N or A) and defines the channel, the third term introduces meson clouds
around different isobars. The sum in the latter term includes also inelastic chan-
nels in which case the integration over the mass of unstable intermediate hadrons
(o-meson, A-isobar, .. .) is implied. The state Vg in Egs (1) and (2) represents ei-
ther the nucleon or the intermediate A with invariant mass M; in the latter case it
is equal to (2) with H = (71, N) and normalized as (YA (M/)[WA(M)) = 6(M—M') |
E(k) is the energy of the recoiled baryon (nucleon or A). The on-shell meson am-
plitudes X]]*T/H are proportional to the corresponding matrix elements of the on-
shell K matrix

Krirm = eNm N M (ke ) 3)

From the variational principle for the K matrix it is possible to derive the inte-
gral equation for the amplitudes which is equivalent to the Lippmann-Schwinger
equation for the K matrix. The resulting expression for X]]*T/H can be written in the
form

XTI == Ve (k) + DM (K) (4)
R

where Vyr are the dressed matrix elements of the interaction Vi between the
resonant state and the baryon state in channel H, and D}*T/H is the background
contribution.

3 T and K matrices for ™N electro-production

We start with the definition of the T matrix for the pion electro-production on the
nucleon:

TT[N‘yN — _T[<‘y(+)(mS)mt;kO)t)lHyl‘yN (mé)m{;k'}/) li)> ) (5)
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where mg and m; are the third components of baryon spin and isospin, ko and
t are the outgoing pion momentum and the third component of isospin, and k,
and p the momentum (along the coordinate z-axis) and the polarization of the
incident photon. The interaction Hamiltonian is taken in the form

Y_JmWEZ au(ky) +hel,
Vel k) = ——= V(1 k), Tyl k) = ‘°‘—°Jdrsu e, (6)
V21 2wy

The state representing the photon-nucleon system reads

Y
W (m] mis k) = Ayl (e nimiml)) Ny = igayy/ 2 @)

Here w, = (W? — M{ — Q?)/2W, k3 = w3 4+ Q%, E}, = W — w,,, with Q*
measuring the photon virtuality. We perform the spin-isospin decomposition of
the outgoing state

WO (my, mesko, t)) = 3 iYin (Ro)Wyr (M, Mo, Lm, £)) € L CIVT

Imelm ™~ Tmlt -
tmJT

®)
Commuting al, in (5) to the left and using the expansion (8), we can write the T
matrix in the JT basis as

Ty = 70Ny (5 (MM ko, DIV, (1, Ky Wn (m{my)) . ©)

The electro-production amplitude is proportional to (9) through
T = /kok, /81 M, hence
Ny
VKoky

The amplitudes proportional to the elements of the K matrix are obtained by re-

M =~ (Wi (MyMr; ko, DIV, (1, Ky )[Wn (mimy)) . (10)

placing the state ‘Pﬁ) by the corresponding principal value state:
Ny
VKoky

The procedure to calculate the electro-production amplitudes in our formal-
ism is the following: we first evaluate (11) using (2) as obtained in pion scattering,
and then compute (10) using M = M* +iTM¥. (This equation trivially follows
from the Heitler’s equation T = K + iTK since the proportionality factor between
T and M is the same as between K and M¥.) In principle, this equation involves
also the matrix elements corresponding to Compton scattering. They can be ne-
glected since they are orders of magnitude smaller than those containing strong
interaction. In the P11 case we have

MIT =~ (W1t (MM ko, DIV (1, Ky )W (mimy)) (11)

—K

Mo (W) = M (W) +1[TNNNN (W)ME (W) + Trengres (WIS 5 (W)

+Ton UN(WWEMWJ]. (12)
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We have further simplified the equation by using averaged values for amplitudes
involving the A and the oN channels and thus avoiding integration over the
corresponding invariant masses. In the P33 case we have also added the TN(1440)
channel, while the oN channel has been replaced by the A channel.

4 The behaviour of the amplitudes close to a resonance

From (3) and (4) it follows that close to a resonance, denoted by R, the K matrix
element between the elastic channel and the B channel can be cast in the form

(Uo(UBEN EB B background
Kagnn = —704/ kW2 crVnr(ko) +Kopan -

After some rearrangements, the principal value states (2) take the form

V-

Hy _ res H non—res
) = Kb g LR ) )
with
Gresy _ Vnz (K)af (k)W )T Ver (K)[af (k)[Ws)]T
W = VZR{®R> Jdk wy +En(k) =M 5 Jdk wy + Eg(k) — M '

(the inclusion of the oN channel in the P11 case is straightforward). We can now
split the K-matrix type amplitudes (11) into the resonant part containing the pole
and the “non-resonant” part:

wyEY, VZr
koW ﬂzonN VNR

R Knn (PR W)V W) + My oY (13)

We see that the resonant matrix elements depend on a particular channel (H)
only through the K matrix element referring to that channel. Next we plug (13)
into (12) and take into account the relation between the T and the K matrix (T =
K + iTK). The resonant part of the electro-production amplitudes then reads

(,Uy ZR

(res
V k4 14
DYV 7T2(U0EN Yo (W W)V [¥N) Tanan (14)

(res)
My

while the non-resonant part satisfies

(non)

. T _K T _K
Mglon) = ME tron) +1 |:T7rN7rNM§ (non) + TT[NT[AMA mon) + TT[NO—NMU

Let us note that (V5 pires) (yy )V, [Wn) is the electro-excitation amplitude for the res-

onance R. For a sufﬁciently weak meson field the state ¥ is dominated by the
bare-three quark core surrounded by a cloud of pions, which is a familiar form
of a baryon state in chiral-quark models. The relation (14) can be rewritten in a
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more familiar form by noting that the elastic part of the K matrix can be written

as

. woEN  Vig _ 1Tal
koW Zr(Mr) Mg —-W’

where T} is the elastic width of the resonance. Expressing Vnr from (15) we get

(res) . waKj rel y(res) v
M) =g [ YN qlres) gy 16
N 1 27TkoWF£,t ( R (W)] y| N) (16)

where we have taken into account that at the resonance Tn»Nn = i1/ Tiot-

KT[NT[N - (15)

5 Multipole decomposition for the P11 and P33 wave

Expanding (6) into multipoles, we have in the P33 case:

3/2 wy B - 3/2 wy B -
M =y (It B = = [ IV )
17)
andinthe P11 (J=T = %) case
1/2 w EY ~ 0 w- EY ~
MY = [y (i IV ) - MG = [ i IV 1)

related to 7° production amplitude on the proton as M?_ = MSO_) + % MSL/Z) ,and
on the neutron as M} = Mgo_) — % Mg1_/2)' Here IV and IS denote the isovector
and the isoscalar part of the interaction, respectively. The same formulas apply to
the M amplitudes. (Similar relations can be derived for the scalar amplitudes.)

The transverse electro-excitation amplitudes are defined in terms of the he-
licity amplitudes Ap, . In the P33 case we separate them into the magnetic dipole
and the electric quadrupole part:

M1 =1 [V3Ay + A, =B @ My, as)
L (A3 —V3A }\/E (W) Vy (E2)][ W) (19)
Ve HTVas e e

Taking into account (17) and (16) we reproduce the familiar relation

3w, LT,
M2 =it M, ER/Y —ifE2,  fo )N
8koW T2,

In the P11 case only one transverse helicity amplitude appears and we find

2[5 - 1T = -
pn_ [~ (res) I\7M1 b glres) IyyMi
AV =03 {(‘PR IVFHIS)[Wn) + 7 (W IV (IV)HWN>:|
(the reduced matrix elements appear only in the angular momentum, the third
component of the isospin are Mt = m{ = 1).
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6 Preliminary results in the N(1440) sector

The P33 wave amplitudes in the region of the A(1232) have been extensively in-
vestigated in our previous works (see e.g. [3] and [4]). Since the electro-production
amplitudes are dominated by the resonant contribution, they follow the shape of
the elastic T matrix accordingly to (14).

This is not the case in the P11 wave. In Fig. 1 we show some preliminary re-
sults (without including the A and the oN channels) for the electro-production
amplitude in the region of the N(1440) resonance showing the important role of
the background processes. These are dominated by the nucleon pole contribution,
the contribution from the second term in (2) (t-channel), and by a u-channel-type
process with the A in the intermediate state. Below the resonance, the contribu-
tion of the resonant term is almost negligible. The resonant contribution itself is
dominated by the pion cloud and the admixture of the nucleon component which
considerably reduces the contribution. This point is still under investigation; we
expect that inclusion of higher resonances may cure this deficiency.

10 T
exp —+—

MAID fit

s TN . resonant

~ A, nucl. pole

K N background

6 e hY total

! \
s
4 —
-
— E
M £
£ @
£ ]
= ey
2 =
= E
6 Lo I I I I I Py I I I I I
1100 1200 1300 1400 1500 1600 1700 1100 1200 1300 1400 1500 1600 1700
W [MeV] W [MeV]

Fig.1. The real (left panel) and the imaginary (right panel) parts of the electro-production
amplitudes M} _ for the P11 partial waves. The MAID result is taken from [5]; the ex-
perimental points from [6]. The thin dashed curve in the right panel shows the effect of
omitting the nucleon component in the resonant state.
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Abstract. The observed mass pattern of scalar resonances below 1 GeV gives preference
to the tetraquark assignment over the conventional qq assignment for these states. We
present a search for tetraquarks with isospins 0,1/2, 1 in lattice QCD using diquark anti-
diquark interpolators [1]. We determine three energy levels for each isospin using the vari-
ational method. The ground state is consistent with the scattering state, while the two ex-
cited states have energy above 2 GeV. Therefore we find no indication for light tetraquarks
at our range of pion masses 344 — 576 MeV.

1 Introduction

The observed mass pattern of scalar mesons below 1 GeV, illustrated in Fig. 1,
does not agree with the expectations for the conventional qq nonet. The observed
ordering my < Mgo(980) can not be reconciled with the conventional Tis and id
states since mgs > Mgq is expected due to mg > mgq. This is the key observa-
tion which points to the tetraquark interpretation, where light scalar tetraquark
resonances may be formed by combining a “good” scalar diquark

[dQJla = €avbe [ngy5 Q. — QgCquc] (color and flavor anti — triplet) (1)

with a “good” scalar anti-diquark [qQlq [2]. The states [qql3, 3, [Gd)3, 3. forma
flavor nonet of color-singlet scalar states, which are expected to be light. In this
case, the I = 1 state [us][ds] with additional valence pair §s is naturally heavier
than the I = 1/2 state [ud][ds] and the resemblance with the observed spectrum
speaks for itself.

Light scalar tetraquarks have been extensively studied in phenomenological
models [2], but there have been only few lattice simulations [3-6]. The main ob-
stacle for identifying possible tetraquarks on the lattice is the presence of the scat-
tering contributions in the correlators. All previous simulations considered only
I = 0 and a single correlator, which makes it difficult to disentangle tetraquarks
from the scattering. The strongest claim for o as tetraquark was obtained for
my =~ 180 — 300 MeV by analyzing a single correlator using the sequential em-
pirical Bayes method [4]. This result needs confirmation using a different method
(for example the variational method used here) before one can claim the existence
of light tetraquarks on the lattice with confidence.
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fied with observed resonances o(600),

Saga Prelovsek

We study the whole flavor pattern with I = 0,1/2,1 and our goal is to find
out whether there are any tetraquark states on the lattice, which could be identi-

results are explained in more detail in [1].

mass

1=0,1

1=1/2

1=0

Observed scalars
(below 1 GeV)

___ __  __ a0(980
— f0(980)
”
_ 2 K(800)
J— o(600)
-1-12 0 12 113

k(800) and a¢(980). Our methodology and

mass Tetraquark nonet mass ~ qq nhonet
_ (vector meson case)
ussu
ussd <
=01 | __ dssd USS! 1=0,1 =
= ' ¢
udds Us
1/2 j— p— 1=12 p— — K
dud W ud
= uau = u
1=0 udu 0| dd M
-1-12 0 12 1 !3 -1-12 0 12 113

Fig.1. Schematic illustration of the observed spectrum for scalar mesons below 1 GeV (left),
together with the expected mass spectrum for the nonet of scalar tetraquarks (middle),
compared with a typical qq spectrum (right).

2 Lattice simulation

In our simulation, tetraquarks are created and annihilated by diquark anti-diquark
interpolators

OI:O _

[udftd],

O'=12 = [ud][ds] ,

01:1

= [us

1[ds] . )

In each flavor channel we use three different shapes of interpolators at the source
and the sink

01 = [qnQnllaLQ4l,

0} =

[qwQwllal, QL] ,

O% - [anw] [q:/v

Qul. ¥

Here q and g, denote Jacobi-smeared quarks with approximately Gaussian
shape and two different widths: “narrow” (n) and “wide” (w) [8].

In order to extract energies E,, of the tetraquark system, we compute the 3 x 3
correlation matrix for each isospin

CI

Z eP(0[0} (x,t)0;(0,0)[0)p—

= Z 0l0{[n)(n|O;T(0) e~

E whe Ent

Like all previous tetraquark simulations, we use the quenched approxima-
tion and discard the disconnected quark contractions. These two approximations
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allow a definite quark assignment to the states and discard [qqdl[qq] < gq < vac
mixing, so there is even a good excuse to use them in these pioneering studies.
We work on two volumes V = L3 x T = 16> x 32 and 123 x 24 at the same lattice
spacing a = 0.148 fm [8]. The quark propagators are computed from the Chirally
Improved Dirac operator [7]. We use mia = my qa = 0.02, 0.04 and 0.06 corre-
sponding to m, = 344, 475 and 576 MeV, respectively. The strange quark mass is
mga = 0.08. The analysis requires the knowledge of the kaon masses, which are
528, 576, 620 MeV for mya = 0.02, 0.04, 0.06.

The extraction of the energies from the correlation functions using a multi-
exponential fit Cy; = ) wie Ent is unstable. A powerful method to extract
excited state energies is the variational method, so we determine the eigenvalues
and eigenvectors from the hermitian 3 x 3 matrix C(t)

Clthvn(t) = An(thvn(t) . @)
The resulting large-time dependence of the eigenvalues
An(t) =wne U1+ Oe Y] ®)

allows a determination of energies Eg 1, and spectral weights wo 1 2. The eigen-
vectors vy (t) are orthogonal and represent the components of physical states in
terms of variational basis (3).

=0 1=1/2 =1
3 T I T T T T T T
I ¥ B P OE|
251 [3 -+ t + ¢ -25
L T s I il 7y 7y i |
2+ -+ -+ -2
= ! I o
(D) 1 K(_’_\_) s Tt(l)r‘§
O 15 4D - A KD | KW 15
= e <N ©§
w ] o= [ ¥O KO- 3 =21
1 ‘@«9 . 7 + ¢ -1
I 1 1 ]
051 -+ -+ -05
0 Il ‘ Il ‘ Il ‘ Il Il ‘ Il ‘ Il ‘ Il Il ‘ Il ‘ Il ‘ Il 0
0 01 02 030 01 02 030 01 02 03
2 2
m_ [GeV]

Fig.2. The symbols present the three lowest energy levels from tetraquark correlators in
I =0,1/2,1 channels at lattice volume 16* x 32. The lines give analytic energy levels for
scattering states: full lines present non-interacting energies (6), while dashed lines take
into account tree-level energy shifts.
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3 Results

Our interpolators couple to the tetraquarks, if these exist, but they also unavoid-
ably couple to the scattering states 77t (I = 0), K7t (I = 1/2) and KK, s (I = 1)
as well as to the heavier states with the same quantum numbers. The lowest few
energy levels of the scattering states P1 (k)P (—k)

, , 275\ 2 2\ *
EP] (]]Pz(*]] ~ mP] _|_mP2, ey \/m%] —|— (T]> —|— \/m%z —|— (T)> y s (6)

are well separated for our L and we have to identify them before attributing any
energy levels E >~ mg « o, to the tetraquarks.

Our main result is presented in Fig. 2, where the energy levels of the tetraquark
system for all isospin channels are shown. These energy levels E 1 > are extracted
from Ao 1 2(t) with fitting details' given in [1].

The ground state energies in I = 0,1/2 and 1 channels are close to 2m,, mx +
mg and 2mg, My + my,,, respectively, which indicates that all ground states
correspond to the scattering states P1(0)P2(0). Another indication in favor of this
interpretation comes from the study of the volume dependence of the spectral
weights w, defined in (5). For the ground state we get wo(L = 12)/wo(L = 16) ~
163 /123, as shown in Fig. 3. This agrees with the expected dependence wq o 1/L13
for scattering states [4], which follows from the integral over the loop momenta
J stk t) = o5 3y f(k, 1) with dk; = 27t/L.

1=0 1=1/2
4 T T T T T T T T — 4
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Fig.3. The ratio of spectral weights wo (L = 12)/wo(L = 16) for I = 0,1/2 as computed
from the ground state eigenvalues for two volumes L°.

The most important feature of the spectrum in Fig. 2 is a large gap above the
ground state: the first and the second excited states appear only at energies above

! We observed a non-conventional time dependence of Ao(t) near t ~ T/2, which is dis-
cussed in detail in [1].
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2 GeV. Whatever the nature of these two excited states are, they are much too
heavy to correspond to o(600), k(800) or ap(980), which are the light tetraquark
candidates we are after. The two excited states may correspond to P;(k)P2(—k)
with higher k or to some other energetic state. We refrain from identifying the
excited states with certain physical objects as such massive states are not a focus
of our present study.

At first sight it is surprising that there are no states close to the energies of
P1(1)P2(—1) with |[k| = 27t/L in the spectrum of Fig. 2. In [1] we argue that this is
due to the fact that our basis (3) does not decouple the few lowest scattering states
to separate eigenvalues. Our data supports the hypothesis that the few lowest
scattering states contribute to the ground state eigenvalue.

4 Conclusions and outlook

We find no indication for light tetraquarks at our range of pion masses 344 —
576 MeV. However, one should not give up hopes for finding these interesting
objects on the lattice. Indeed, our simulation does not exclude the possibility of
finding tetraquarks for lighter m,, 4 or for a larger (different) interpolator basis.
A stimulating lattice indication for o as a tetraquark state at m, = 182— 300 MeV
has already been presented in [4].

The present and past pioneering quenched tetraquark simulations, which
discard disconnected diagrams, provide valuable information on the states with
a definite quark assignment. The final conclusions will have to await dynamical
simulations incorporating both disconnected quark diagrams and the qgqq «
dq < vac mixing.
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Abstract. Lattice models as well as few-body models with a finite Hilbert space do not
provide a continuum description of the two-body decay channel. Instead, the diagonal-
ization of the Hamiltonian yields a discrete spectrum which hides, however, a lot of in-
formation about the relevant continuum. We show a method which extracts the effective
pion-pion potential and applies it to the pion-pion scattering amplitude.

As a toy model to study the relation between continuum and discrete spectrum we
are using a schematic quasispin model inspired by the Nambu — Jona-Lasinio model but
restricted to a finite number of quarks occupying a finite number of states in the Dirac sea
and in the valence space.

1 Introduction

The diagonalization of the Hamiltonian in few-body models with a finite Hilbert
space yields a discrete spectrum. There is, however, a lot of hidden information
about the continuum and we have to develop a reliable method how to extract it.
For this purpose we show a possible method how to extract the effective pion-
pion potential and the pion-pion scattering amplitude from the discrete spec-
trum. The method relies on the first order Born approximation or on its suitable
generalization. The Luescher formula [1] known in the literature, for example, is
a special case of the (generalized) first order Born approximation.

The simplest two-level model of chiral symmetry breaking is a schematic
quasispin model similar to the Nambu — Jona-Lasinio model and it is developed
in the spirit of the Lipkin model [2] known from nuclear physics as a test differ-
ent approximate approaches. Our model is characterized by a finite number of
quarks occupying a finite number of states in the Dirac sea and in the valence
space (due to a sharp momentum cutoff and periodic boundary condition). This
allows us to use the first quantization and an explicit wavefunction.

Most low-lying states in the excitation spectrum can be interpreted as multi-
pion states and one can deduce the effective pion-pion interaction and scattering
length. However, the intruder states can be recognized as sigma-meson excita-
tions or their admixtures to multi-pion states.

* Talk delivered by M. Rosina
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The lesson learned from the toy model can be useful in a similar problem in
lattice calculations — how to extract effective potential and scattering amplitudes
from the discrete excitation spectrum.

2 The two-level quasispin model

In this section we repeat some properties of the two-level quasispin model which
we have presented in previous Bled Workshops [3,4]. We partially use those re-
sults and partially add some new ones (arguments using N-dependence of spec-
tra) in order to discuss the relation between the discrete spectrum and the contin-
uum in the two-body channel.

We are aiming at a finite-dimensional N-body Hilbert space, therefore we
enclose N = N quarks in a periodic box V and use a sharp momentum cutoff A,
leading to a finite number ' = Ny NN Ny of states in the Dirac sea and the same
number of states in the valence “shell”. Here Ny, = V47A3 /(3 (27)3 is the number
of spacial states in each ”shell”, we have Ny = 2 helicities, N, = 3 colours and
we restrict the simple model to N¢ = 1 flavour. Then N = N = 6N = VA3 /2.

Furthermore, we take all quark kinetic energies equal to 2 A and neglect the
interaction terms which change the individual quark momenta:

N N
HZZ(%WWW&A+WﬁWO—%5Z;@WWM+$&WN¢$MWUO
k=1 k,1=1

Here h = o - p/p is helicity and ys and 3 are Dirac matrices. We use the pop-
ular model parameters close to [5,6], A = 648 MeV, G =40.6 MeV fm, mg = 4.58
MeV, which yield the phenomenological values of quark constituent mass, quark
condensate and pion mass both in full Nambu — Jona-Lasinio model as well as
in our quasispin model (using in both cases the Hartree-Fock + RPA approxima-
tions). It has been shown in [3] that in the large N limit the exact results of our
quasispin model tend in fact to the Hartree-Fock + RPA values.

It is usually overlooked that the following operators obey (quasi)spin com-
mutation relations j, = % B, jy= %1[51/5 , Jz = %ys . The (quasi)spin com-
mutation relations are also obeyed by separate sums over quarks with right and
left helicity as well as by the total sum (x = x, y, z)

N N N
Ra=21+2ﬂia(k), Laz;%h(k)ja(k), I“:R“+L“:;ja(k),
k= k=

The model Hamiltonian can then be written as
H=2P(R, — L) +2moJx — 20(J2 +J5) . €y

It commutes with R? and 12 but not with R, and L,. Nevertheless, it is conve-
nient to work in the basis |R,L, R, L, ).The Hamiltonian matrix elements can be
easily calculated using the angular momentum algebra. By diagonalisation we
then obtain the energy spectrum of the system.
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Table 1. The spectrum of the quasispin model with N = 144 and N = 192, and the ground
state quantum numbers R + L = N /4

n|Parity|(E — Eo)[MeV]|(E — Eo)[MeV]|V[MeV]|V[MeV]
N=144 N=192| N=144| N=192
0] + 932 ©42)] 95 (5.4
9 = 803 ®5)|  -11.7] (72
8 + 771 861 -11.3 -8.3
7 — 767 802 -8.8 -7.3
6 + 646 709 -11.4 -7.3
6 + 634 655 -12.2 -10.9
5 — 580 611 -10.0 -7.2
4 + 482 503 -10.5 7.1
3 — 378 388 -10.1 -7.1
2 + 261 266 -10.3 7.1
1 — 136 137
0 + 0 0

3 Extraction of pion-pion interaction

The average effective pion-pion potential V given in Table 1 has been extracted
from the energy levels of n-pion states

nn-—1)_
— v

Eowr=nmy+
An important test to distinguish one-pion and two-pion properties is the
volume-dependence (N-dependence). In a larger volume, pions are more dilute
pions leading to a proportionally smaller V. In fact, the ratio of V in Table 1 for
N =144 and N = 192is 10.3/7.1 = 1.45, close to 192/144 = 1.33. (The small dis-
crepancy does indicate that we are not yet quite in the large-N limit and further
corrections might be needed).
We calculate the s-state scattering length in the first-order Born approxima-
tion (“Liischer formula” [1])

_mn/z 3 —E_
Ao = — J'V(r)d T= 471VV' (2)

In our example for N = 192 we have V = —7.1MeV and V = N/A3 =

53 fm>. This gives
2

Qo My = %W — 0.077. 3)

Since there are no experiments with one-flavour pions it is tempting to com-
pare with the two-flavour value (I = 2). The chiral perturbation theory (soft pi-
ons) suggests in leading order al=2 m, = —m2/16nf2 = —0.0445. Our almost
twice larger value might be due to the artifact that we made up for the second

flavour by replacing G with 2G. Further investigation is in progress.
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4 The intruder state - the sigma meson

In the spectrum in Table 1 one can clearly distinguish the presence of the sigma
meson by noticing the doubling of the positive parity states at 634 and 646 MeV
for N = 144 (655 and 709 MeV for N = 192). Moreover, the states at 646 MeV
(655 MeV)indicated in boldface have strong one-body transition matrix elements
from the ground state. Note that going from N=144 to 192 the ordering of the
two positive parity states (“o” and ”6n”) has reversed because for larger N the
six pions are more dilute and the energy is less depressed by attractive effective
interactions between pions.

5 Relation to lattice calculations

The discrete single-particle space in our model is analogous to a lattice. The model
assumption 0 < [p;i| < A corresponds to the cell size (resolution)

/ N 2
(123-/\%: /6\7[ =12fm.

Here V/Ny = V/(N/6) is the “land” available per particle in case of 2 helicities, 3
colours and one flavour.
The periodic boundary condition in V corresponds to the block size

3/02
L:\3/_26+M:3.7fmz3a.

It is surprising that such a poor resolution and block size yields excellent results.
One reason is that the model interaction is not very sensitive to the number of
dimensions, there are no spacial correlations. In one dimension, the ratio between
the block size and the cell size N, = 32 is much larger than /N =~ 3 but the
structure of results is the same. This is a general feature of Nambu — Jona-Lasinio
models.

Furthermore, we were dealing with soft pion excitations and we get an im-
pression that in this case a high resolution is not crucial.
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Abstract. Many pion photo- and electro-production experiments in the energy region of
the A(1232) resonance have been performed in the past decade, and the multipole struc-
ture of the N-A transition is becoming increasingly well known at least at low values of
momentum transfer. In contrast, the Roper resonance, while firmly established and seen
in many pion-nucleon scattering observables, it resists a clear identification and character-
ization by the electro-magnetic probe. I will discuss some of the outstanding theoretical
and experimental issues concerning the Roper and possible means to join them fruitfully.

1 Introduction and motivation

The primary motivation to study pion electro-production in the energy region
reaching to about 700 MeV above the pion production threshold is to better un-
derstand the qualitative and quantitative features of the excited baryon spectrum,
and to relate the structure of baryon resonances to the mechanism of confinement
and to the chiral symmetry of QCD. In addition, the results of experimental stud-
ies of nucleon resonances represent an important testing ground of theoretical
models, offering in particular a way to separate the effects of resonance structure
from those related to the reaction mechanism.

2 The P33(1232) resonance

After an initial set of precision pion photo- and electro-production studies in the
1990s, mostly at energies close to threshold and only partly devoted to the N-A
program, the more recent experiments on the N-A transition have completed their
second stage. We have witnessed great progress and a substantial accumulation
of data at many Q? on both unpolarized and polarized observables. The most
frequently utilized quantities, used as cross-over points of experiment and theory,
are the EMR and CMR ratios

EMR = Re (EY/?/MY?) MR =Re (5{7%/M¥*)

which quantify the strength of the electric and Coulomb quadrupole amplitudes
E1+ (or E2) and S14 (or C2) for the N — A transition in the isospin-3/2 chan-
nel relative to the dominant spin-isospin-flip transition amplitude M (or M1).
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The E2 and EMR are more difficult to isolate in pion electro-production than C2
and CMR because the transverse parts of the cross-section are dominated by the
M| term which is absent in the longitudinal parts.

The EMR and CMR ratios have been measured in a series of experiments
ranging from very low Q? (pion cloud physics), mostly performed at Mainz [1],
through moderate to high Q?, mostly performed at Jefferson Lab [2]. In spite of
these multivariate efforts, the experimental situation at both low and high QZis
unsatisfactory. There are disagreements between the data, at least some of which
can be attributed to the model dependence of the experimental extraction of the
amplitudes, and/or to the truncation of the partial-wave series. At very high Q?2,
where a particular scaling of the EMR and CMR ratios is expected [3], there are
no data, and it remains an immense experimental challenge to reach that region.
Moreover, lattice calculations of the A [4], although reaching high levels of so-
phistication, are in their infancy and are burdened with large uncertainties, and
no definitive conclusions can be reached from the comparisons.

3 The P;1(1440) and S1;(1535) resonances

The situation for the P77(1440) and S71(1535) resonances is even less clear. The
P11(1440) (the Roper resonance) has an unusually large width and an atypical
behaviour of the nN scattering amplitudes. The masses and the widths of the
Roper as obtained in different phenomenological analyses differ [5].

The S11(1535) resonance has an intimate connection to the Roper, in particu-
lar from the viewpoint of the lattice calculations. In the chiral limit, the first radial
excitation is expected to come below the first orbital excitation in the energy spec-
trum, while in the heavy-quark limit, the situation should be reverse. In the past
few years, there have been several attempts by various groups to observe this
level ordering (parity inversion), so far with no conclusive evidence that upon
chiral extrapolation, such an effect is indeed seen [6,7]. On the other hand, lattice
calculations do seem to support the simple picture of the Roper, i.e. that most
of its essential physics is captured by using light quarks (i.e. no quark-antiquark
pairs [6].

Lattice findings are in stark contrast to two recent calculations which in-
clude also quark-antiquark components in the Roper wave-function. These stud-
ies were motivated by the failure to understand relatively large S11(1535)— ¢$N
couplings in near-threshold pp — pp¢d and mp — nd processes, as well as
large S11(1535)— AK couplings in ¥ — pp [8] and ¥ — PAK™ decays [9], all of
which are hard to reconcile in the 3q picture due to the OZI rule. Li and Riska [10]
find that an ~ 30% admixture of the qqqqq components in the Roper reproduces
the measured total width. An and Zou [11] found that the lowest 5q configu-
ration in the S171(1535) resonance is qqqss; that correct P11(1440) vs. S11(1535)
level ordering can thus be achieved; and that large S11(1535)— ¢N, AK cou-
plings can be understood without violating the OZI rule. Recent measurements
of double-polarized asymmetries in eta electro-production at the S11(1535) reso-
nance at MAMI/ A1 also yielded interesting results which can only be explained
by a phase rotation between the E¢ and E;— + M,_ multipoles [12].
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4 Helicity amplitudes

Helicity amplitudes represent the strengths of the electro-magnetic vertex of the
pion electro-production process. The Q% — 0 limit of the amplitudes are the helic-
ity couplings. The most comprehensive analysis of the couplings for all nucleon
resonances below W ~ 1.8GeV are being performed at Jefferson Lab [13], and
are fed by the multitude of data from single- and double-pion electro-production
experiments of Hall B at that laboratory. It is the complete angular distribution
that makes these data so powerful.

A coherent picture has started to emerge for the A;,; and Sy, helicity am-
plitudes for the P11(1440). A zero crossing of the A; ,, at Q%2 ~ 05 GeV? is now
firmly established. The Q2-dependence of the A, rules out hybrid q°>g models
of the Roper [14] which predict no zero crossing and a rapid decrease of the am-
plitude to zero. Moreover, the Sy, should vanish in the q*g configuration, while
the experimental data exhibit a large S ,, with a strong Q2-dependence.

The A;/, helicity amplitude for the S;1(1535) has recently been obtained
with much greater precision and in a much larger Q?-range than previously [15].
The S;,, has been measured for the first time in pion electro-production. The
A1/2, Az/2 and Sy, for D13(1520) have also been obtained from the dispersion-
relation analysis of all available data.

5 Experimental proposal for the P1;(1440)

In spite of all recent measurements of single- and double-pion electro-production,
double-polarized experiments beyond the A(1232) region are rare birds. Mea-
suring double-polarization observables allows one to access excitation ampli-
tudes (or their bilinear forms, or interferences) much more selectively, with much
greater predictive and interpretive power. Unfortunately, double-polarized mea-
surements typically suffer from low yields and/or figures of merit and are no-
toriously hard to perform in the region of higher nucleon resonances where the
reaction rates are small. Nevertheless, the tremendous lever arm one obtains by
measuring carefully selected highly sensitive observables far outweighs the diffi-
culties.

At MAM], the A1 Collaboration presently pursues a feasibility study to mea-
sure recoil polarization components of protons ejected in the p(e,e’p)n® process
at the Roper resonance. The experiment would be devised in analogy to the well-
established procedure from the A(1232) case.

Ideally, one would access the polarization components in parallel (or anti-
parallel) kinematics for the pion (i.e. cos® = =£1). In this case, they can be ex-
pressed in terms of three structure functions:

O_O(P)/(/Pe) = :I:q/Z&E(] - 5) Ri’[‘/ y

ooPy = —/2¢f (1 +¢) R,
00(PL/Pe) = FV1— 2 Rhq, .
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where P, is the electron polarization. The multipole decomposition of R, up to
p-waves is

Rip = Re{L§, (2My4 + M) + (2L;, — Lj_)Eoy
—cos0 (L5, Eop — 215, (3E14 +7Myy +2My)
+L% (31, +7Myy +2M;))
—c0s? 0 (3L5, (E14 + My )+ 615, Eoy )
—cos® 0 (1817, (Ev4 +Mi4))} (1)

(note that the scalar and longitudinal multipoles are connected through L =
(w/q)S). In anti-parallel kinematics, the R{;, and R}, measure the real and the
imaginary parts respectively of the same combination of interference terms given

by (1), up to a sign:

P/ ~ Rl = Re{L}, Eor
+ (Loy —4L7, — L3 )My— + L7 (Myy — Eoy +3E14)
— Lo, BBy +Myy) + L7, (4Myy —Eoy) + 1205, By,
Py ~Rir=—Im{---}

In the case of the Roper resonance, the “M1-dominance” approximation applica-
ble in the A region can not be used as many multipoles are comparable in size.
With model guidance (MAID), we can estimate the role of individual terms in
the expansion. The Lj +Eox interference is relatively large and prominent in all
kinematics. The combinations L7_(—Eo +3E; ) and (—4L7, —L7_)M;_ involv-
ing M;_ and/or L;_ are either relatively small or cancel substantially. The terms
largest in magnitude and sensitivity are the L§, M;_ and the L7_M;j, each in-
volving one of the relevant Roper multipoles linearly. The contributions of the
M;_ and S;_ multipoles to P} and P, depend strongly on Q% and W, so a mea-
surement of P/ and P,, in a broad range of Q% and W would allow us to quantify
these dependencies.
The expansion of the R}.;, response (or P}) in anti-parallel kinematics is

P, ~Rip, = Re{E5. (3E14 + My, +2My )}
HEor[* 4+ 2 [Er4 12 4+ M2 + My _f?
—6ReE}, M1 —2ReMj, My_ —3ReEg, (3E1; +My,).

This response is dominated by Eo; and My multipoles and is therefore less sen-
sitive to the Roper, but it would still be important as a benchmark measurement
and for calibration purposes. Most of our attention will be devoted to P} and P,,.

Unfortunately, due to instrumental or kinematics constraints, the measure-
ments can only be performed at an angle near 90°. Even at this angle, all polar-
ization components exhibit tremendous sensitivities to the inclusion or exclusion
of the Roper, as predicted by both the unitary isobar model MAID and the DMT
dynamical model; see Figs. 1 and 2. These are state-of-the-art calculations which
predict very different Q?- and 6-, and W-) dependencies, mostly because res-
onances are treated in distinct way in the two approaches. MAID works with
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dressed resonances (in terms of effective Lagrangians); DMT incorporates bare
resonances which are dressed dynamically through generation of pion loops.

From the experimental standpoint, the polarization components (the magni-
tudes of which roughly correspond to the sizes of the measured raw asymmetries)
are very large, on the scale not typically seen in other resonances. Given sufficient
beam time and a careful selection of kinematics, our measurements could help
distinguish between the methods.

~ 100 \ T T ~ 100
MAIDO7 thick=full
W = 1440 thin=no Roper

DMTO1 thick=Ffull

thin=no Roper

PLZ
PLZ

50

-50

—100, 50 100 150 —100, 50 100 150

vL°] vL°]
Fig.1. Recoil polarization components of protons ejected in the p(e,e’p)n® process as a
function of the CM emission angle. Calculations are in the MAID2007 unitary isobar model
and the DMT2001 dynamical model. Shown is the effects of switching the Roper on or
off. The rectangles show possible kinematical regions where measurement appear to be
feasible and would have a significant impact.

~ 100

T T ~ 100 T

MAID vs. DMT 5/ yay) MAID vs. DMT
¥=90° P/ (DMT) W = 1440

PLZ
PLZ

1350 1400 1450 1500 ~100 0 50 100 150

Wi MeV] vL°]

—-100

Fig.2. Recoil polarization components of protons ejected in the p(e,e’p)n® process as a
function of the invariant mass R and of the CM emission angle. Shown is the comparison
of MAID2007 and DMT2001 models. Projected error bars are as mentioned in Fig. 1.
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