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1. Introduction

The last decade has been especially challenging for hadron structure. New exper-
imental data have shaken our understanding of QCD low-energy phenomenology.
This earthquake had its epicenter on charmonium spectroscopy. Since Gell-Mann
conjecture, most of the meson experimental data were classified as gq states ac-
cording to SU(N) irreducible representations. Its simplicity had converted meson
spectroscopy in an ideal system to learn about the properties of QCD. Nevertheless
a number of interesting issues remain still open as for example the understanding
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of some D-meson data obtained on the B factories or the structure of the scalar
mesons. Some of the Dy states can be hardly accommodated in a pure g descrip-
tion. They present a mass much lower than the nalve prediction of constituent
quark models. Besides, the underlying structure of the scalar mesons is still not
well established theoretically. These discrepancies gave rise to the hypothesis about
possible contributions of higher order Fock space components allowed by the Gell-
Mann classification. Such ideas, if extended to the baryon sector, could help in the
understanding of some remaining problems.

In this paper we present results on different sectors of the low-energy hadron
phenomenology [1]. We make emphasis on two different aspects. Firstly, we will
address the study of meson and baryon spectroscopy in an enlarged Hilbert space
considering four- and five-quark components. This seems nowadays unavoidable to
understand the experimental data and it builds the bridge towards the description
in terms of hadronic degrees of freedom. Secondly, the same scheme used to describe
the hadron spectroscopy should be valid for describing the low-energy hadron-
hadron scattering. We review recent results to account for the strangeness —1
and —2 two- and three-baryon systems within the same scheme used for hadron
spectroscopy and that has also demonstrated its validity for the nucleon-nucleon
sector.

In particular we will address three different problems. In the first section we
will discuss charmonium spectroscopy above the threshold for the production of
D mesons. The second section is devoted to study the effect of selected S-wave
meson-baryon channels to match poor baryon mass predictions from quark models
with data. Finally, the third section addresses the problem of the study of two- and
three-baryon systems with strangeness —1 and —2 by means of a baryon-baryon
interaction derived from the quark model used to study the hadron spectroscopy.

2. Heavy mesons: Charmonium

Charmonium has been used as the test bed to demonstrate the color Fermi-
Breit structure of quark atoms obeying the same principles as ordinary atoms [2].
Its nonrelativistic character (v/c ~ 0.2 — 0.3) gave rise to an amazing agreement
between experiment and simple quark potential model predictions as ¢ states [3].
Close to the threshold for the production of charmed mesons, quark-antiquark
models required of an improved interaction [4]. The corrections introduced to the
quark-antiquark spectra explained some deviations observed experimentally [5].

Since 2003, we have witnessed a growth of puzzling new charmonium mesons,
like the well-established X (3872) or the not so well-established Y (4260), Z(3930),
X (3940), Y(3940), X (4008), X (4160), X (4260), Y (4350), and Y (4660). In addi-
tion, the Belle Collaboration has reported the observation of similar states with
non-zero electric charge: the Z(4430), the Z;(4040) and the Z5(4240) that have
not yet been confirmed by other experiments [6].

These new states do not fit, in general, the predictions of simple quark-antiquark
schemes and, moreover, they overpopulate the expected number of states in (sim-
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ple) two-body theories. This situation is not uncommon in particle physics. For
example, in the light scalar-isoscalar meson sector, hadronic molecules offer a rea-
sonable explanation of the experimental data [7]. Also, the study of the NN system
above the pion production threshold required new degrees of freedom to be incor-
porated in the theory, either as pions or as excited states of the nucleon, i.e., the
A [8]. This discussion suggests that charmonium spectroscopy could be rather sim-
ple below the threshold production of charmed mesons, but much more complex
above it. In particular, the coupling to the closest (c¢é)(nn) system, referred to as
unguenching the naive quark model [9], could be an important spectroscopic ingre-
dient. Besides, hidden-charm four-quark states could explain the overpopulation of
quark-antiquark theoretical states.

In an attempt to disentangle the role played by multiquark configurations in
the charmonium spectroscopy, we have solved the Lippmann-Schwinger equation
for the scattering of two D mesons looking for attractive channels that may contain
a meson-meson molecule [10]. In order to account for all basis states, we allow for
the coupling to charmonium-light two-meson systems. When we consider the system
of two mesons M; and M, (M; = D, D*) in a relative S-state interacting through
a potential V' that contains a tensor force, then, in general, there is a coupling to
the MM, D-wave and the Lippmann-Schwinger equation of the system is

50 (00" E) = Vit (p,9") (1)
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where t is the two-body amplitude, j, ¢, and F are the angular momentum, isospin
and energy of the system, and £s, £'s’, ¢''s" are the initial, intermediate and final
orbital angular momentum and spin; p and g are the relative momentum and
reduced mass of the two-body system, respectively. In the case of a two D meson
system that can couple to a charmonium-light two-meson state, for example when
DD* is coupled to J/Ww, the Lippmann-Schwinger equation for DD* scattering
becomes
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with o, 3,7 = DD*, J/Yw.

We have consistently used the same interacting Hamiltonian to study the two-
and four-quark systems to guarantee that thresholds and possible bound states are
eigenstates of the same Hamiltonian. Our predictions robustly show that no deeply
bound states can be expected for this system. Only a few channels, see Table 1,
can be expected to present observable resonances or slightly bound states. Among
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TABLE 1. Attractive channels for the two D—meson systems.

System DD DD* D*D*
JPC(I) 0++(0) 1++(0) O++(O) 2++(0) 2++(1)

them, we have found that the DD* system must show a bound state slightly below
threshold with quantum numbers J7¢(I) = 1*7(0), that could correspond to the
widely discussed X (3872).

This result is illustrated in Fig. 1. Out of the systems made of a particle and its
corresponding antiparticle, DD and D*D*, the JPC(I) = 07+(0) is attractive. It
would be the only candidate to accommodate a wide resonance for the DD system.
For the D*D*, the attraction is stronger and structures may be observed close
and above the charmed meson production threshold. Also, we have shown that the
JPC(I) = 2+%(0,1) D*D* channels are attractive due to the coupling to the .J/Ww
and J/Wp channels, respectively.
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Fig. 1. Fredholm determinant for the J*¢(I) = 17+(0) DD* system. Solid (dashed)
line: results with (without) coupling to the J/Ww channel.

Among these exotic theoretical states, charged states have a unique feature:
by construction they cannot be accommodated into the conventional cé spectrum.
Two different experimental findings show positive results on charge charmonium
mesons. The first one was a ¥(2S5)7 " peak at about 4430 MeV /c? observed by Belle
in the BY — ¥(29)7+ K~ decays [11]. A second positive observation was reported
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by Belle from the B® — =7+ K~ decay, with two resonances in Z.; 7+ at masses
of about 4050 and 4250 MeV /c? [12]. In the first case, BaBar has presented its own
analysis [13] performing a detailed study of the acceptance and possible reflections
concluding that no significant signal exists on the data. While the two experiments
made different conclusions, the data itself seem to be in a reasonable agreement
except for the lower available statistics of the BaBar experiment. The states found
in Ref. [12] could correspond to the D*D* JPC(I) = 2+ (1) we have predicted [14].
Its confirmation would represent a unique tool in discriminating among different
theoretical models.

3. Light baryons

As we have seen above, there is nowadays compelling evidence of meson reso-
nances containing more than quark-antiquark (¢g) valence components. One can
guess a similar situation for some baryon resonances that may contain more than
three-quark (3¢) valence components. In the baryon sector, a paradigmatic case is
the A(1405) which requires the consideration of a NK component for its explana-
tion. In the meson sector, scalars such as the fy’s contain relevant meson-meson
components. In all these cases valence quark models based on 3q or gg components
that describe correctly the bulk of spectral data fail systematically to reproduce
their masses. Actually, we can interpret the systematic failure in the description
of a given resonance by valence quark models as an indication of its anomalous
nature in the sense of containing more than the valence components. Here we use
this interpretation as a criteria to identify possible anomalies in the Light-quark
Baryon Spectrum (LgBS).

A comparative analysis of Constituent Quark Models (CQM) predictions for
the LgBS has been carried out in Ref. [15]. This analysis makes clear the presence
of anomalies for which 3¢ predicted masses are significantly higher than their Par-
ticle Data Group (PDQG) averages [16], see Fig. 2. Moreover, all anomalies have in
common the existence of S-wave meson-baryon thresholds with the same quantum
numbers than the anomalies (also drawn in Fig. 2 close above the PDG average
masses. This suggests a possible contribution of these meson-baryon (4¢1¢) compo-
nents to the anomalies to give a correct account of their masses. To make a rough es-
timate of this contribution, we shall consider the coupling of the free meson-baryon
(mb) channels to the corresponding 3¢ states. To make effective such a coupling,
we parametrize the transition matrix element, (mb|H|3¢) = a, and diagonalize the
hamiltonian matrix by assuming (3¢ |H|3q) = Ms,, M3, being the predicted 3¢
mass and (mb |H|mb) ~ M,, + My, M,, + M, being the mass of the meson-baryon
threshold. The results from the diagonalization corresponding to the lowest energy
states are shown in Fig. 3. Despite the shortcomings of our toy model calculation,
the quantitative agreement with data is spectacular (there is only one universal
parameter, a, assumed for simplicity to be the same in all cases). Qualitatively, our
toy model implies that the anomalies correspond mostly to meson-baryon states
but with a non-negligible three-quark probability that makes them stable against
decay into m + b. This interpretation could need some refinement when going to
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Fig. 2. Mass predictions for the anomalies from Ref. [17] (dashed lines) as compared
to the experimental mass intervals (boxes). N.C. means non-cataloged resonance.
Meson-baryon thresholds are indicated by solid lines.
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Fig. 3. Predicted masses for the anomalies (dashed lines) as compared to the ex-
perimental mass intervals (boxes). N.C. means non-cataloged resonance.
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a more complete model where the meson-baryon interaction were also considered
({mb|H|mb) ~ M,, + Mp). Then some anomalies might appear as simply meson-
baryon bound states. Keeping this in mind we may conclude that the coupling to
selected mb channels acts as an effective healing mechanism to match deficient CQM
predictions with data. Furthermore, the implementation of these selected channels
in the analyses of data might add certainty to the existence of the anomalies and at
the same time help to reconcile competing and sometimes not compatible partial
wave analyses. Indeed, the incorporation of some of our effective inelastic mb chan-
nels in data analyses has been very relevant for the experimental extraction of the
corresponding anomalies: oN for Np,, (1440) [18] and pA for Ap, (1930) [18, 19].

4. Strangeness —1 and —2 two and three-baryon systems

In this section, we review recent studies of two and three-baryon systems with
strangeness —1 and —2 using two-body interactions derived from the quark model.

4.1. The two-body interactions

The baryon-baryon interactions are obtained from the chiral constituent quark
model [1, 20]. In order to derive the local By By — B3 B4 potentials from the basic ggq
interaction defined above, we use a Born-Oppenheimer approximation. Explicitly,
the potential is calculated as follows,

VB Ba(L 8 T)—> By Ba(L 50 7)(R) = &L &p” (R) — €L ¢ (00) (3)

where

. (WEST(R) | S0y Vaalrig) | VESL(R)) "
LST = .
VOB ST (R) | WE 5T (R)(WESE(R) | WhSE(R))

In the last expression, the quark coordinates are integrated out keeping R fixed,
the resulting interaction being a function of the B; — B; relative distance. The wave
function \Ilngf(R) for the two-baryon system is discussed in detail in Ref. [1].

In Ref. [21], we constructed different families of S = —1 interacting poten-
tials, by introducing small variations of the mass of the effective scalar exchange
potentials, that allow us to study the dependence of the results on the strength
of the spin-singlet and spin-triplet hyperon-nucleon interactions. These potentials
are characterized by the AN scattering lengths a; s and they reproduce the cross
sections near threshold of the five hyperon-nucleon processes for which data are
available (see Ref. [21]). Let us analyze the three-body systems with strangeness
—1.
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4.2. The ANN system

The channels (I,J) = (0,1/2) and (0,3/2) are the most attractive ones of the
ANN system. In particular, the channel (0,1/2) has the only bound state of this
system, the hypertriton. We give in Table 2 the results of the models constructed
in Ref. [21] for the two Ad scattering lengths and the hypertriton binding energy.

TABLE 2. Ad scattering lengths, Ay 3/2 and Ag 1,5 (in fm), and hypertriton binding
energy, By 1/2 (in MeV), for several hyperon-nucleon interactions characterized by
AN scattering lengths a, /29 and ay5 ;1 (in fm).

a1/2,0 ay/2,1 A0,3/2 Ao,l/z Bo,1/2

2.48 1.41 31.9 (66.3) —16.0 (—20.0) 0.129 (0.089)
2.48 1.65 —72.8 (198.2) —13.8 (—17.2) 0.178 (0.124)
2.48 1.72 —40.8 (—179.8) —13.3 (—16.6) 0.192 (0.134)
2.48 1.79 —28.5 (—62.7) —12.9 (—16.0) 0.207 (0.145)
2.48 1.87 —22.0 (—38.2) —12.5 (—15.4) 0.223 (0.156)
2.48 1.95 —17.9 (—27.6) —12.1 (—14.9) 0.239 (0.168)
2.31 1.65 —76.0 (198.2) —17.1 (—22.4) 0.113 (0.070)
2.55 1.65 —73.6 (198.2) —13.6 (—16.8) 0.185 (0.130)
2.74 1.65 —72.1 (198.2) —12.0 (—14.4) 0.244 (0.182)

We compare with the results, in parentheses, obtained in Ref. [21] including
only the three-body S-wave configurations. As a consequence of considering the D
waves, the hypertriton binding energy increases by about 50—60 keV [23], while the
Ag,1/2 scattering length decreases by about 3—5 fm. The largest changes occur in
the Ag 3/ scattering length where both positive and negative values appeared,
which means, in the case of the negative values, that a bound state is gener-
ated in the (I,J) = (0,3/2) channel. Since this channel depends mainly on the
spin-triplet hyperon-nucleon interaction, and experimentally there is no evidence
whatsoever for the existence of a (I,J) = (0,3/2) bound state, one can use the
results of this channel to set limits on the value of the hyperon-nucleon spin-triplet
scattering length a;/2;. As one can guess from Table 2, the three-body channel
(I,J) = (0,3/2) becomes bound if a;/51 > 1.58 fm (see Ref. [22]). Moreover, we
found in Ref. [21] that the fit of the hyperon-nucleon cross sections is worsened
for those cases where the spin-triplet AN scattering length is smaller than 1.41
fm, so that we conclude that 1.41 < a;/5; < 1.58 fm. To set some limits to the
hyperon-nucleon spin-singlet scattering length, we have calculated in Table 3 the
hypertriton binding energy using for the hyperon-nucleon spin-triplet scattering
length the allowed values 1.41 < ay/5; < 1.58 fm and for the spin-singlet scat-
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TABLE 3. Hypertriton binding energy (in MeV) for several hyperon-nucleon inter-
actions characterized by AN scattering lengths a, /2,0 and ay/9; (in fm) which are
within the experimental error bars By 1o = 0.130 & 0.050 MeV.

a1/271 =141 a1/271 =1.46 (11/2’1 =1.52 a1/271 = 1.58
a1/20 = 2.33 0.080 0.087 0.096 0.106
aijz,0 = 2.39 0.094 0.102 0.112 0.122
ayja,0 = 2.48 0.129 0.140 0.152 0.164

tering length 2.33 < a;/5 ¢ < 2.48 fm which leads to results for the hypertriton
binding energy within the experimental error bars By /2 = 0.13 & 0.05 MeV.

With regard to the isospin 1 channels (1, J) = (1,1/2) and (1,3/2), the (1,1/2)
channel is attractive but not enough to produce a bound state, while the (1,3/2)
channel is repulsive.

4.3. The NN system

We show in Table 4 the Xd scattering lengths A 5, and A | ,. The d scat-
tering lengths are complex since the inelastic ANN channels are always open. The
scattering length A/ , /2 depends mainly on the spin-triplet hyperon-nucleon chan-

TABLE 4. Xd scattering lengths, A 32 and Al 1/2 (in fm), and position of the
quasibound state B , /2 (in MeV) for several hyperon-nucleon interactions charac-
terized by AN scattering lengths a; /2 and a1 /2 (in fm).

01/2,0/%1/2,1 A/173/2 A/171/2 B£71/2

2.48 | 1.41 |0.14+10.24 (0.20+10.26)| 19.82+i16.94 (19.28+i25.37) |2.92—i2.17
2.48 | 1.65 |0.284+10.27 (0.36+10.29)| 12.08+i38.98 (—1.55+142.31) |2.84—i2.14
2.48 | 1.72]0.32+10.28 (0.40+10.30)| 2.92+i143.20 (—10.47+140.25) |2.82—i2.11
2.48 1 1.7910.36+10.29 (0.44+i10.31)| —8.00+142.58 (—17.33+135.01) {2.79—12.10
2.48 | 1.8710.40+10.30 (0.49+i10.33)|—16.90+i137.08 (—21.16+i28.54)(2.77—12.09
2.48 1 1.95]0.45+10.31 (0.54+10.34)|—21.73+129.48 (—22.44+122.44)|2.75—12.08
2.31| 1.65|0.28410.27 (0.36+10.29)| 19.01+i23.21 (14.95+i31.61) |2.88—i2.14
2.55 | 1.65 ]0.28410.27 (0.36+10.29)|—12.81+i143.49 (—21.04+i33.19)|2.79—12.11
2.74 | 1.65 |0.28410.27 (0.36+10.29)|—26.014+i17.95 (—23.29+i13.32)|2.73— ¢ 2.09
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nels, and both its real and imaginary parts increase when the spin-triplet hyperon-
nucleon scattering length increases. The effect of the three-body D waves is to lower
the real part by about 20 % and the imaginary part by about 10 %. The scattering
length A/l,l /2 shows large variations between the results with and without three-
body D waves, but this is due, as we will see below, to the fact that there is a pole
very near threshold, a situation quite similar to that of the Ag 3,5 Ad scattering
length discussed in the previous subsection.

Im(Avl,llz)

Re(A' 1,1/2)

AVI,I/Z (fm)
S

T
1.4 1.5 1.6 1.7 1.8 1.9 20

411 (fm)
Fig. 4. Real and imaginary parts of the ¥.d scattering length A’ , /2 85 a function
of the AN ay /o scattering length.

We plot in Fig. 4 the real and imaginary parts of the ¥d scattering length A/1,1/2
as functions of the spin-triplet AN scattering length a; /51, since by increasing
ai/p,1 one is increasing the amount of attraction that is present in the three-body
channel. As one can see, Re(A’L1 /2) changes sign from positive to negative while at
the same time Im(Aj , ,) has a maximum. These two features are the typical ones
that signal that the channel has a quasibound state [24]. The position of this pole
in the complex plane, which is given in the last column of Table 4, changes very
little with the model used and it lies at around 2.8 —i2.1 MeV.

4.4. Strangeness -2 two-baryon systems

The knowledge of the strangeness S = —2 two-baryon interactions has become
an important issue for theoretical and experimental studies of the strangeness nu-
clear physics. Moreover, this is an important piece of a more fundamental problem,
the description of the interaction of the different members of the baryon octet
in a unified way. The =N — AA interaction accounts for the existence of doubly
strange hypernuclei, which is a gateway to strange hadronic matter. Strangeness
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—2 baryon-baryon interactions also account for a possible six-quark H-dibaryon,
which has yet to be experimentally observed.

There has been a steady progress towards the S = —2 baryon-baryon interac-
tion. The AN interaction is pretty much understood based on the experimental data
of A hypernuclei. There is also some progress made on the ¥ N interaction. However,
the experimental knowledge on the =N and hyperon-hyperon (YY) interactions is
quite poor. The only information available came from doubly strange hypernuclei,
suggesting that the 1Sy AA interaction should be moderately attractive. An upper
limit of Bapy = 7.25+£0.19 MeV has been deduced for a hypothetical H-dibaryon (a
lower limit of 2223.7 MeV /c? for its mass) from the so-called Nagara event [25] at a
90% confidence level. The KEK-E176/E373 hybrid emulsion experiments observed
other events corresponding to double—A hypernuclei. Among them, the Demachi-
Yanagi [26, 27] event, identified as }% Be derived a value of Byy = 11.90 + 0.13
MeV [28]. A new observed double-A event has been recently reported by the KEK-
E373 experiment, the Hida event [27], although with uncertainties on its nature it
has been interpreted as an observation of the ground state of the ;! Be [28]. Very re-
cently, doubly-strange baryon-baryon scattering data at low energies were deduced
for the first time, obtaining some experimental data and upper limits for different
elastic and inelastic cross sections: =~ p — =~ p and E7p — AA [29]. Recent re-
sults of the KEK-PS E522 experiment indicate the possibility of a H-dibaryon as
a resonance state with a mass range between the AA and NZ= thresholds [30].

In the planned experiments at J-PARC [31], dozens of emulsion events for
double—A hypernuclei will be produced. The (K~, KT) reaction is one of the most
promising ways of studying doubly strange systems. AA hypernuclei can be pro-
duced through the reaction K~p — K+E~ followed by Z2~p — AA. It is therefore
compulsory having theoretical predictions concerning the =N — AA coupling [32]
to guide the experimental way and, in a symbiotic manner, to use the new experi-
mental data as a feedback of our theoretical knowledge.

In this section, we derive the strangeness —2 baryon-baryon interactions: AA,
AY, 3 and NE. We use these two-body interactions to calculate two-body elastic
and inelastic scattering cross sections [33] and we compare to experimental data
and other theoretical models. We also calculate the two-body scattering lengths of
the different spin-isospin channels to compare with other theoretical models. We
show in Fig. 5 the =7 p elastic cross section compared to the in-medium experi-
mental =~ p cross section around pf, = 550 MeV /c, where oz-, = 30 + 6.7 e
mb [34]. Another analysis using the eikonal approximation gives oz-, = 20.9 &
4.5 725 mb [35]. A more recent experimental analysis [29] for the low energy Z~p
elastic and Z~p — AA total cross sections in the range 0.2 GeV/c to 0.8 GeV/c
shows that the former is less than 24 mb at 90% confidence level and the latter of
the order of several mb, respectively. In Fig. 6 we present the inelastic Z7p — AA
cross section. It has been recently estimated at a laboratory momentum of pib =
500 MeV/c, see Ref. [29], assuming a quasifree scattering process for the reac-
tion '2C(Z~,AA)X obtaining a total cross section o(Z~p — AA) = 4.3753 mb.
The upper limit of the cross section was derived as 12 mb at 90% confidence level.
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Fig. 5. E7p elastic cross section, in mb, as a function of the laboratory = momen-
tum, in GeV /c. The two experimental data are taken from Ref. [34], black circle,
and Ref. [35], black square (both are in-medium experimental data). The horizontal
line indicates an upper limit for the cross section extracted in Ref. [29] with a large
uncertainty in the momentum.
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Fig. 6. Z~p — AA cross section, in mb, as a function of the laboratory = momen-
tum, in GeV /c. The experimental data is taken from Ref. [29].

Fig. 7 shows the total inelastic cross section Z~p — Z%n. Combining the results
of Refs. [29] and [36], one obtains o(=~p — Z%1) ~ 10 mb. A recent measurement
of a quasifree p(K~, KT)Z~ reaction in emulsion plates yielded 12.7f§:? mb for the
total inelastic cross section in the momentum range 0.4 —0.6 GeV/c [37], consistent
with the results of Ref. [36]. The experimental results for Z~ p inelastic scattering
of Refs. [36, 37] involve both =~p — AA and =~ p — = [29], what combined with
the value for 27 p — AA of Ref. [29] allows to obtain an estimate of the inelastic

cross section 2~ p — Zn.
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Fig. 7. 2=p — E% cross section, in mb, as a function of the laboratory = momen-
tum, in GeV /c. The experimental data are taken from Ref. [29] as explained in the
text.

As can be seen, our results agree with the experimental data for the elastic and
inelastic ZN cross sections. The small bumps in the cross sections correspond to
the opening of inelastic channels. We would like to emphasize the agreement of our
results with the =2~ p — AA conversion cross section. This reaction is of particular
importance in assessing the stability of =~ quasi-particle states in nuclei. Our
results are close to the estimations of the Nijmegen-D model [38]. Ref. [23] predicts
o(E7p — E%) ~ 15 mb at pi, = 0.5 GeV/c. Ref. [36] reported 14 mb for the
inelastic scattering involving both Z~p — AA and Z~p — =Z%. We found a smaller
value of approximately 6 mb for both inelastic channels, in close agreement to
experiment.

The scattering lengths for the different spin-isospin channels are given in Table 5.

These parameters are complex for the NE (4, j) = (0,0) since the inelastic AA
channel is open, for the AY isospin 1 channel due to the opening of the NZ channel,
and for the ¥ 7 =0 and 1 since the AA and NZ channels are open in the first case,
and the NZ and AY are open in the second. There is no direct comparison between
our results and those of Ref. [23]. Although both are quark-model based results,
Ref. [23] used an old-fashioned quark-model interacting potential. For example,
they use a huge strong coupling constant, ag = 1.9759, and they consider the con-
tribution of vector mesons what could give rise to double counting problems [42].
As explicitly written in Ref. [23], the parameters are effective in their approach
and have very little to do with QCD. As mentioned above, since the observation
of the Nagara event [25], it is generally accepted that the AA interaction is only
moderately attractive. Our result for the 1Sy AA scattering length is compatible
with such event. A rough estimate of By (Baa & (hc)Q/QMAAa{\é\O) drives a value of
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TABLE 5. Two-body singlet and triplet scattering lengths, in fm, for different
models as compared to our results. The results between squared brackets indicate
the lower and upper limit for different parametrizations used in that reference.

Model Ref. [40] Ref. [41] Ref. [39] |Ref. [23]| Ours [33]
ald  |[-0.27,-0.35] |[-1.555, —3.804]|[-1.52, —1.67]| —0.821 —2.54
a7 | [0.40,0.46] | [0.144,0.491] | [0.13,0.21] | 0.324 —3.32

So
=0
ass”  |[=0.030,0.050] - 0.0,0.03] | —0.207 18.69
S1
ate ™" | [6.98,10.32] — [~6.23,-9.27]| —85.3 0.523
0
lsé\r(zzo) _ _ _ — —1.20+10.75
0
a§g<1=0> _ [—1.672,122.5] - - 0.28
ahZ _ _ - - 0.908+i1.319
ah? _ _ - — | -3.1164i0.393
(ZEI=D _ _ - — |- 1.347+i1.801
S1
alzsiu:()) _ _ — — — 0.039+i10.517

5.41 MeV, below the upper limit extracted from the Nagara event, Byp = 7.25+0.19
MeV. Moreover, although from the AA scattering length alone one cannot draw any
conclusion on the magnitude of the two-A separation energy, recent estimates [43]
have reproduced the two-A separation energy, defined as ABax = Baa(§,He) —
2B (3 He), with scattering lengths of —1.32 fm.

5. Summary

To summarize, we have reviewed some recent results of hadron spectroscopy and
hadron-hadron interaction in terms of the constituent quark model. The main goal
of our presentation was to highlight the complementarity of a simultaneous study of
both problems in order to constrain low-energy realizations of the underlying the-
ory, QCD. We have seen how the enlargement of the Hilbert space when increasing
energy, that was seen to be necessary to describe the nucleon-nucleon phenomenol-
ogy above the pion production threshold, seems to be necessary to understand
current problems of hadron spectroscopy. We have also tried to emphasize that
spectroscopy and interaction can and must be understood within the same scheme
when dealing with quark models. Any other alternative becomes irrelevant from
the point of view of learning about properties of QCD.

Our predictions robustly show that no deeply bound states can be expected for
charmonium. Only a few channels can be expected to present observable resonances

30 FIZIKA B (Zagreb) 20 (2011) 1, 17-34



VALCARCE ET AL.: THE FEW-BODY PROBLEM OF THE QUARK-MODEL HADRON STRUCTURE

or slightly bound states. Among them, we have found that the DD* system must
show a bound state slightly below the threshold for charmed mesons production
with quantum numbers JPC(I) = 17+(0), that could correspond to the widely
discussed X (3872). Out of the systems made of a particle and its corresponding
antiparticle, DD and D*D*, the JPC(I) = 0%+(0) is attractive. For the D*D*, the
attraction is stronger and structures may be observed close and above the charmed
meson production threshold. Also, we have shown that the JP¢(I) = 2¥+(1) D*D*
channel is attractive and may then represent a charge state contributing to char-
monium spestroscopy. Due to heavy quark symmetry, the replacement of the charm
quarks by bottom quarks decreases the kinetic energy without significantly chang-
ing the potential energy. In consequence, four-quark bottomonium mesons must
also exist and have larger binding energies.

We have seen how the 4¢1¢ components, in the form of S-wave meson-baryon
channels which we identify, play an essential role in the description of the anoma-
lies, say baryon resonances very significantly overpredicted by three-quark models
based on two-body interactions. As a matter of fact by considering a simplified
description of the anomalies as systems composed of a free meson-baryon chan-
nel interacting with a three-quark confined component, we have shown they could
correspond mostly to meson-baryon states but with a non-negligible 3¢ state prob-
ability which makes their masses to be below the meson-baryon threshold. The
remarkable agreement of our results with data in all cases takes us to refine our
definition and propose the dominance of meson-baryon components as the signature
of an anomaly. Though it is probable that these results may vary quantitatively
when a more complete dynamical coupled-channel calculation is carried out, we
think it is reasonable not to expect major qualitative changes.

We also presented results for the two- and three-baryon systems with strangeness
—1. We have solved the Faddeev equations for the ANN and X NN systems using
the hyperon-nucleon and nucleon-nucleon interactions derived from a chiral con-
stituent quark model with full inclusion of the A <+ ¥ conversion and taking into
account all three-body configurations with S and D wave components. In the case
of the AN N system, the inclusion of the three-body D wave components increases
the attraction, reducing the upper limit of the a;,5; AN scattering length if the
(I,J) = (0,3/2) ANN bound state does not exist. This state shows a somewhat
larger sensitivity than the hypertriton to the three-body D waves. Our calculation
including the three-body D wave configurations of all relevant observables of two-
and three-baryon systems with strangeness —1, permits to constrain the AN scat-
tering lengths to: 1.41 < ay/5; < 1.58 fm and 2.33 < a; /59 < 2.48 fm. In the case
of the XN N system, there exists a narrow quasibound state near threshold in the
(I,J) = (1,1/2) channel.

We have presented results for the doubly strange NZ= and Y;Ys interactions
(Y; = X, A). We showed that the constituent quark model predictions are consis-
tent with the recently obtained doubly-strange elastic and inelastic scattering cross
sections. In particular, our results are compatible with the =~ p — AA conversion
cross section, important in assessing the stability of =~ quasi-particle states in
nuclei.
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It is expected that in the coming years better-quality data on all sectors dis-

cussed in this talk will become available and our results can be used to analyze
these upcoming data in a model-independent way.
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PROBLEM MALO TIJELA U KVARK-MODELSKOJ STRUKTURI
HADRONA

Raspravljamo nove ishode hadronske spektroskopije i medudjelovanja hadron-
hadron u okviru kvarkovskog modela. Novi eksperimentalni podaci mozda ukazuju
na ulogu Fockovih prostornih komponenti viseg reda za nisko-energijske mjerne
veli¢ine. Nas§ je cilj posti¢i uskladen opis nisko-energijske hadronske fenomenologije
radi probira fenomenoloskih modela QCD i pokusaj da se vise dozna o nisko-energij-
skim teorijama. Taj se dugotrajni rad zasniva na primjeni tehnika malo tijela u
proucavanju sustava mnogo kvarkova.
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