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Abstract: The dibaryon concept for nuclear force is presented, assuming that the attraction between nucleons at

medium distances is mainly due to the s-channel exchange of an intermediate six-quark (dibaryon) state. To con-

struct the respective NN interaction model, a microscopic six-quark description of the NN system is used, in which

symmetry aspects play a special role. It is shown that the NN interaction in all important partial waves can be de-

scribed by the superposition of long-range #-channel one-pion exchange and s-channel exchange by an intermediate
dibaryon. The model developed in this study provides a good description of both elastic phase shifts and inelasticit-
ies of NN scattering in all S, P, D, and F partial waves at energies from zero to 600-800 MeV and even higher. The

parameters of the intermediate six-quark states, corresponding to the best fit of NN scattering data, are found to be

consistent with the parameters of the known dibaryon resonances in those NN partial configurations, where their ex-

istence has been experimentally confirmed. Predictions for new dibaryon states are given as well.
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I. INTRODUCTION

It is now generally accepted that fundamental
quantum chromodynamics (QCD) forms the basis of nuc-
lear physics and determines its basic phenomena and
laws, such as the nature of nuclear forces, specific struc-
ture of nuclei, observed features of nuclear reactions, etc.
However, the direct connection between QCD and nucle-
ar physics is hidden behind the complicated dynamics of
quarks and gluons in the non-perturbative region, where
there is a highly non-trivial relation between the com-
pletely different degrees of freedom of QCD and nuclear
physics. While QCD operates with quarks and gluons, in
traditional nuclear physics we deal with nucleons,
mesons, and nucleon isobars.

Although there are many QCD-motivated models,
which can reproduce the basic properties of baryons and
mesons, so far there are no quantitative approaches to
connect the observable properties of NN and 3N interac-
tions, like NN scattering phase shifts and inelasticities,
binding energies of two- and few-nucleon systems, etc.,
with the underlying properties of QCD. There are a few
quark models that describe NN elastic scattering (see,
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e.g., the reviews [1, 2]); however, there are only a few (if
any) quark-model approaches for describing both elastic
and inelastic NN collisions above the pion-production
threshold. Moreover, the quark models that have been de-
veloped thus far do not provide a quantitative description
of the nuclear phenomena.

Thus, the constituent quark model (CQM), which uses
the QCD-motivated quark-quark interaction, quite suc-
cessfully describes the phase shifts of NN elastic scatter-
ing below the pion production threshold (and also the
deuteron properties), based on calculations made within
the resonating group method (RGM). In this case, the
mixing of quark configurations and the connection of the
NN channel with other cluster channels (NA, AA, NN*)
play a crucial role [2]. Without taking these effects into
account, the description of S and D waves would not be
satisfactory. In addition, an adequate description of the
triplet P and F waves has not yet been obtained. No RGM
calculations have been performed above the pion produc-
tion threshold. Moreover, it is clear that with increasing
energy, the role of virtual clusters will increase, and they
will make a non-trivial contribution to the production of
real baryons. It is unlikely that the calculations of such in-
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elastic processes could be realized starting from the pair
qq interactions. In contrast, the model proposed in this
paper is effective for calculating both elastic and inelast-
ic phase shifts in an energy range from zero to approxim-
ately 1 GeV. Additionally, instead of using a set of
3q —3q virtual cluster channels, it uses only one addition-
al channel with a 6 dibaryon, which has the quantum
numbers, mass, and width of the actually observed (or
predicted) resonances.

The six-quark (or dibaryon) resonances can serve as
an effective tool to relate the world of QCD with that of
two- and few-nucleon dynamics. The dibaryon reson-
ances, which are essentially multi-quark objects, reflect
the very complicated dynamics of quarks and gluons in
their structure. Meanwhile, when considered as dinucle-
on systems, they reflect the basic properties of the short-
range NN interaction. Hence, the dibaryon (more gener-
ally, multi-baryon) resonances can be considered as ap-
propriate effective degrees of freedom to describe the
nuclear-physics phenomena, which involve the short-
range NN interaction [3]. It should be emphasized here
that dibaryon resonances can provide considerable in-
formation for understanding the short-range forces of
NN, NA, AA, etc., not only due to their structure, but es-
sentially because they are specific, relatively long-lived,
states in which six-quark dynamics should be manifested.
It should be also noted that in the majority of the experi-
mental and theoretical studies conducted previously, the
non-trivial hexaquark states have been treated as
something exotic, like penta- or tetraquarks, which are
not related directly to the basic mechanism of the NN in-
teraction.

The existence and main properties of some dibaryon
resonances have now been reliably confirmed in numer-
ous experimental and theoretical studies (see the recent
reviews [4—06]). It should be noted that the history of diba-
ryon resonances has been very dramatic, from the initial
enthusiasm through years of skepticism or even complete
rejection until the final discovery in a series of precise
high-statistics experiments made by several international
collaborations (CELSIUS/WASA, WASA-at-COSY,
ANKE-COSY, and others).

The dibaryon concept for the nuclear force based on
an idea of the s-channel exchange dominance, originally
proposed in Ref. [7], turned out to be very fruitful result-
ing in the construction of the dibaryon model (initially
called the “dressed bag model”) for the NN interaction
[8, 9]. To keep the connection with the conventional
meson-exchange ideas, the long-range part of the interac-
tion was treated via the one-pion-exchange potential
(OPEP). At the same time, the traditional ~-channel multi-
meson exchanges at short NN distances were replaced by
the s-channel mechanism corresponding to the exchange
of the dibaryon resonance (the 6g bag dressed with
meson fields) between the interacting nucleons. Such a

replacement looks quite natural in the two-nucleon over-
lap region and implements the duality principle for NN
scattering (see, e.g., Ref. [10]). Moreover, this helps in
overcoming many difficulties and inconsistencies in the
coupling constants, cut-off parameters, etc., which per-
sist in the meson-exchange approaches (for a detailed dis-
cussion on this issue, see, e.g., Ref. [11]). The initial ver-
sion of the dibaryon model provided a very good descrip-
tion for NN elastic phase shifts in the lowest partial
waves at energies up to 600 MeV (lab.), as well as the
deuteron properties [8, 9]. A review of successes and con-
sequences of the dressed bag model can be found in Ref.
[12]. However, the parameters of the resonance poles ob-
tained in this initial model have never been compared
with the parameters of dibaryon resonances deduced from
experimental data by the partial-wave analysis (PWA) or
phenomenological models.

Recently, we extended the dibaryon model [8, 9] to
higher partial waves and took into account inelastic pro-
cesses (see Refs. [13—16]). This new version of the mod-
el makes it possible to describe both elastic and inelastic
NN scattering in a wide energy range, far above the pion
production threshold, and to reproduce (or predict) the
empirical parameters of dibaryon resonances.

The main goal of the present study is to demonstrate
that the NN interaction, in all important partial waves,
can be described properly by a superposition of the long-
range t-channel one-pion exchange and the s-channel ex-
change by an intermediate dibaryon state. We argue that
the s-channel mechanism proposed here not only looks
more natural but can also effectively replace the conven-
tional #-channel multi-meson exchange at short distances
(in the two-nucleon overlap region). We present the mod-
ified version of the dibaryon model and perform a com-
prehensive analysis of NN scattering in the framework of
this model, including a number of partial-wave configura-
tions not considered in previous works. We should em-
phasize that our purpose is not to prove the existence of
dibaryon resonances, but to use them for construction of
some alternative picture of the NN interaction and then
compare their parameters with those deduced from exper-
imental data. The success of this picture does not mean
that one should reject the huge progress achieved within
the conventional approaches. The short-range NN inter-
action can be actually described in different ways, but the
QCD-motivated approach presented here has a wider
range of applicability since it is free of some limitations
inherent to the existing quark-model or meson-exchange
treatments.

The structure of the paper is as follows. In Sec. II, we
outline the modern experimental status of dibaryon reson-
ances and their possible theoretical interpretation. In Sec.
III, we describe the basic assumptions of the dibaryon
concept and the tools needed for constructing the model
for the NN interaction. Here, we introduce the two-chan-
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nel formalism for the NN system with an additional in-
ternal channel corresponding to the quark degrees of free-
dom and present the basic results of the 64 microscopic
consideration for the NN system. In particular, we
demonstrate that all possible 64 states can be divided in-
to states with a 6¢ bag structure with no leading hadronic
configuration and two-cluster states with the dominating
configurations of NN, NA, AA, etc. In Sec. IV, we de-
rive the effective Hamiltonian of the dibaryon model us-
ing a simple one-pole approximation for the internal
channel resolvent. In Sec. V, the latest version of the
model, which accounts for inelastic processes, is de-
scribed, and the results of phase shifts calculations, in-
elasticities, and resonance parameters for the particular
NN partial waves are presented. In Sec. VI, we summar-
ize our results and provide the conclusions. In Appen-
dices A and B, for the readers' convenience, we briefly
reproduce the quark-model calculations of the transition
form factors and vertex functions for the effective
Hamiltonian, following Ref. [9].

IoI. MODERN STATUS AND STRUCTURE OF
DIBARYONS

In this section, we give a brief review of the modern
status of dibaryon resonances, from experimental and the-
oretical points of view. This is needed to substantiate the
dibaryon concept for the NN interaction described in the
next sections. For a more comprehensive review, see
Refs. [4-6].

A. Modern status of dibaryon resonances

1. Resonances predicted by Dyson and Xuong

The first theoretical prediction for the existence of
hexaquark (or dibaryon) resonances was done by Dyson
and Xuong [17] in 1964, i.e., very soon after a pioneer
work of Gell-Mann about quarks. By using the SU(6)
symmetry, the authors [17] predicted three pairs of low-
lying non-strange dibaryon states near NN, NA and AA
thresholds. Denoted by Dr,, where T and J represent the
isospin and total angular momentum, respectively, there
were Dy (the deuteron) and Dy (the singlet deuteron),
D1, and Dy, and Doz and D3y states. Based on the
simple SU(6) mass formula and using the known masses
of the first two trivial dibaryons, Dyson and Xuong pre-
dicted the masses of the other four states. Five out of the
above six dibaryons have now been confirmed by experi-
ments, which revealed surprisingly good agreement of the
observed dibaryon masses with the above predictions.

In fact, the resonance peak located slightly below the
NA threshold and having a width close to that of A, was
observed well before the prediction of Dyson and Xuong
in the experiments made by the group of Meshcheryakov

et al. at the Dubna Synchrocyclotron [18, 19] on the reac-
tion 7*d — pp . The follow-up PWA [20-27] confirmed
the Dy, dibaryon resonance in the reaction 7*d — pp and
revealed it also in pp and nd elastic scattering. The res-
onance pole corresponding to the average mass of about
2160 MeV and width of about 120 MeV was also found
in the recent Faddeev calculations of the 71NN system
[28, 29]. Theoretically, it can be interpreted as an NA
molecular-like state, though some admixture of hex-
aquark components is not excluded as well.

Some indication of the resonance 9Dy3 (denoted also
by d*(2380)) was found already in the early experiments
[30, 31] on the reaction np — dy . However, just the re-
cent series of high-statistics measurements, made first by
the CELSIUS-WASA and then by the WASA-at-COSY
Collaborations [32—37] on pn-induced double-pion pro-
duction and np elastic scattering, left no doubt in the ex-
istence of the T(JF) = 0(3") dibaryon state with the mass
2380 MeV (i.e., 80 MeV below the AA threshold) and
rather narrow width of about 70 MeV. The d*(2380) res-
onance was also confirmed in the deuteron photodisinteg-
ration measurements by the A2 Collaboration at MAMI
[38, 39]. The resonance pole corresponding to the
d*(2380) state was found in the PWA [35-37] and con-
firmed by the Faddeev calculations of the 7NA system
[28—29]. The subsequent quark-model calculations (e.g.,
[40—42]) explained the observed mass and width of the
dibaryon as being due to the dominance of the six-quark
hidden-color (CC) components in this state. For now, it
appears to be the only known dibaryon state having pre-
dominantly hexaquark (i.e., not molecular-like) structure
[5]. One should note also a recent attempt to explain the
observed properties of interacting NA and AA systems
without the need for any six-quark states, based on the
coupled-channel calculation accounting for the Fermi
motion in these systems [43]. Such a consideration,
however, gives too narrow widths of the observed D,
and Dy states and does not agree with some of the ex-
perimental mass distributions [5].

Two resonances with the mirrored quantum numbers,
i.e., Dy and D3, have been actively searched for in the
recent WASA-at-COSY experiments on the pp—
pprtn~ and pp — pprntatrTnT reactions, respectively.
The evidence for the first resonance with the mass and
width very close to those of the D), state has been actu-
ally found [44, 45]. This resonance has also been pre-
dicted in the Faddeev calculations [28, 29]. For the D3
state, only upper limits have been found so far [46].
Hence, this dibaryon state should be investigated further.

2. Other isovector resonances

In the late 1970s, the whole series of isovector dibary-
on resonances in the channels with L =J ('D,, 3F3, 'Gy,
3Hs, etc.) were discovered in double-polarized 7+ j scat-
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tering (i.e., the spin-polarized beam was scattered on the
spin-polarized target) [47—52]. The subsequent analysis
[53] showed that these diproton resonances can be ar-
ranged to lie on a straight-line trajectory in the
L(L+1)— Mp plane, where L is the relative orbital angu-
lar momentum in the pp system. This straight-line tra-
jectory was interpreted [53] as evidence of the rotational
nature of these diproton resonances, very similar to the
nuclear rotational bands. Soon after that, in 1980, the
Nijmegen group (Mulders et al.) suggested the ¢*—¢>
string-like model [54] for the six-quark states, which was
generalized later by the ITEP group (Kondratyuk et al.)
[55] with incorporation of the relativistic treatment and
spin-orbit splitting in the 6g system. In terms of the
Nijmegen—ITEP ¢* - ¢*> model, the above series of isov-
ector dibaryons corresponds to the rotation of the two-
cluster system with the color string connecting the ¢* and
¢* quark clusters on its ends.

The direct extrapolation of the trajectory for L=0
and L =1 gives the 'S, dibaryon shifted upwards by 145
MeV. This shift might be explained by the intermediate
o-meson production in the spin-singlet 'S, channel,
which lowers the mass of the dibaryon (see Sec. I1.B).
The L=1 dibaryon should have the quantum numbers
3P, and the mass ~ 2060 MeV. Thus, this dibaryon could
be identified by its mass with the d’ resonance predicted
in Ref. [55]. The corresponding resonance peak was ob-
served in the exclusive measurements of the
pp — pprta~ reaction [56] but has not been confirmed
by the succeeding experiments [57]. In fact, no clear sig-
nal of a dibaryon state in the *P; channel has been detec-
ted to date. However, such a state (with a mass of about
2180 MeV) was found in the PWA [26, 27]. The recent
calculations [16] within the dibaryon model have also
shown that the existence of the 3P, dibaryon resonance
with the mass of about 2200 MeV does not contradict the
SAID PWA data [58]. However, these data are not sensit-
ive enough to deduce the mass and width of the reson-
ance unambiguously, so, the question about the existence
of the 3P, resonance is still open.

On the other hand, the dibaryon resonances in the 3P,
and 3P, channels with the mass of about 2200 MeV have
been clearly found in the recent experiment of the
ANKE-COSY Collaboration [59]. The authors [59] stud-
ied the reaction pp — (pp)sn°, where (pp)s is a diproton
in the near-threshold 'S state. This reaction is compli-
mentary to the reaction pp — dr*, where the isovector
dibaryons 'D,, 3F3 and 3P, play an important role [60,
61]. The 'D,p and 3F3d transitions, which dominate the
reaction with the final deuteron, are excluded by selec-
tion rules in the case of the final diproton. So, the largest
contribution here is given by the amplitudes 3Pys and

3P,d, both of which exhibit the pronounced resonance
behavior. While the 3P, resonance was known previ-
ously from the PWA [24-27], the 3P, one has been found
in Ref. [59] for the first time.

3. Dibaryon masses and nucleon resonance thresholds

Hadron and nuclear physics tell us that bound or res-
onance states generally appear near the thresholds. It
seems true for the known dibaryon resonances as well. As
was pointed out in Ref. [62] (see also [63]), there is a
clustering effect for the isovector 'D,, 3F3 Gy, etc.,
states, as their masses are close to each other and to the
NA threshold. Moreover, these states lie very close to the
NA thresholds in the respective partial waves, when the
orbital angular momentum is taken into account [64]. The
P-wave states 3Py and 3P, found in Ref. [59] lie also near
the NA threshold. At the same time, the isoscalar
d*(2380) state is located rather close to the AA threshold,
while the “trivial” S-wave states 3S; (deuteron) and 'S
(singlet deuteron) lie near the NN threshold. Recently,
two more dibaryon states near the NN*(1440) threshold
have been found both in the WASA-at-COSY experi-
ments on single- and double-pion production [65] and
theoretical calculations of NN elastic scattering in S
waves [15]".

In addition, two new isoscalar dibaryons at 2.47 and
2.63 GeV have been found in the recent measurements of
double-pion photoproduction on the deuteron at ELPH
(Tohoku) [67, 68]. The positions of these states corres-
pond to the second and third nucleon resonance regions,
respectively. The special kinematic constraints of the ex-
periments [67, 68] made it possible to separate the diba-
ryon contributions from those of the nucleon resonances.
The same experiments have also confirmed the Dy; and
D1, resonances. Very recently, one more isoscalar reson-
ance has been found by the same group in the yd — dn
reaction [69]. This resonance with a mass of about 2.43
GeV and a narrow width of only 34 MeV lies near the
NN*(1535) and dn thresholds. A similar dibaryon state
has been announced also by the ANKE-COSY Collabora-
tion in pn — dX around the dn threshold [70].

Thus, dibaryon resonances have been discovered to
date in almost all basic NN partial channels. Moreover,
there are indications (or evidences) of some states un-
coupled from the NN channel, which can be manifested
in the NNn, NNnn, etc., systems. All known dibaryon
states are located near the respective di-hadron
thresholds. These findings are very inspiring for search-
ing new near-threshold dibaryons and developing the
classification of these states to shed light on their micro-
scopic structure.

1) The recent analysis suggests the dibaryon state found in the isoscalar single-pion production might be related predominantly to the ! Py rather than 38 state [66].
This situation might be similar to that with several dibaryon states sitting on top of each other near the NA threshold.
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B. Two-cluster ¢* — g°> model for dibaryon states and o
meson emission

Among many theoretical models for dibaryon states,
the closest one to our consideration is the Nijmegen—
ITEP ¢*-¢*> model [54, 55]. We started our six-quark
studies from the other edge, i.e., using the quark shell-
model representation (see details in Refs. [8, 9]) to de-
scribe the bag-like multi-quark states. Nevertheless, we
found that the two completely different pictures above,
i.e., the two-cluster 4g —2¢ and 6¢ shell-model represent-
ations, can be rewritten in a unified form. In fact, the
leading shell-model 64 configuration |s*p?[42]L =0, 2;
ST) (written in a single-particle representation) can be
transformed into the two-cluster 4g—2g form using the
standard Talmi —Moshinsky transformation for the har-
monic oscillator functions (h.o.f.):

Is*p?[421LS T) = |s*[4]1LoS o T, s*[2)Ist(2hw)L = 0,28 T,
(D

where the tetraquark |s*[4]LyS ¢To) and diquark |s*[2]lst)
have the 2hw relative-motion wavefunction and mutual
orbital momenta L =0,2 allowable for a two-quanta ex-
citation of the h.o.f. The most low-lying six-quark config-
urations correspond to the tetraquark having Ly =0,
SoTo=01 or 10 and the diquark being in a scalar
(Ist=000) or axial (Ist=011) states [S5]. Two quark
clusters are assumed to be connected by a color string
with a 2fiw excitation energy. It can be interpreted as a
2hw -vibration or a D-wave rotation of the string. Thus, it
turns out that the quark-cluster model suggested by the
Nijmegen and ITEP groups and our shell-model picture
can be transformed into each other and interpreted in a
unified way.

In turn, the 2fiw-excited string can emit a scalar o-
meson and thus, the excited two-cluster 4g—2q state can
transit into an unexcited bag-like configuration
|s°[6]+ o, L) with conservation of the orbital momentum
L (see Fig. 1). In the quark shell-model representation, it
corresponds to the transition of two p-shell quarks from
the p to s orbit with the simultaneous emission of two
tightly correlated s-wave pions. For instance, in S waves
we have:

|s* p*[42],LS T) — |s°[6] + o (L = 0)). )

Thus, we identify the specific mechanism of the o-
meson emission from the excited dibaryons with the o
emission from the excited color string. Such a type of
string transition, accompanied by the two-pion emission,

A

iatald
I AN

Jarvamaaas
L=0,2 @ ®
P Y
A I v
4 2 Sy
s

(color online) Illustration for the transition of the

Fig. 1.
2hw-excited 6q state into the unexcited fully symmetric con-
figuration [s®[6]+ 0, L) by emission of a scalar o-meson from
the excited color string.

appears to take place in hadronic processes, like the huge
27° production in the scalar mode in high-energy pp col-
lisions [71], the 2n-decay of the Roper resonance, etc.
Furthermore, we have shown recently that the emission of
the ¢ meson from the intermediate dibaryon state can ex-
plain the long-term near-threshold anomaly (the so-called
ABC effect) in two-pion production in pn, pd, etc., colli-
sions at intermediate energies [72, 73].

It is also very interesting to identify this string de-ex-
citation mechanism with the o-meson emission via a
monopole transition in the spectra of charmonium and
bottomonium:

Y(2s) — P(Ls)+27°, ¥(3s) > P(2s)+27°,...

Y(2s) - T(1s)+27°, TBs) = Y(2s)+27°,...

It is well known that these monopole transitions are
associated with de-excitation of the string connecting ¢
and g in quarkonia [74]. Thus, one can suggest, in partic-
ular, that two-pion production in high- or intermediate-
energy NN collisions and the monopole transitions in the
quarkonia spectra have the unified nature related to de-
excitation of the color string.

Let us move one step further from the above six-quark
picture to the properties of the NN interaction. The micro-
scopic six-quark model predicts [75, 76] that the mixed-
symmetry states |s*p?[42],LST) can be almost confluent
to the fully symmetric states |s°[6]), so that, they can mix
to each other in the S-wave channels of NN scattering. In
contrast, the mixed-symmetry 6 components can over-
pass to the fully symmetric ones by the ¢ emission. If the
emitted o meson has not very high energy and the trans-
ition occurs in the field of the multi-quark core, the final o
meson will attach to the fully symmetric 64 core and this
will lead to a significant energy shift of the initial mixed-

symmetry states”. This energy shift results in a strong ef-
fective attraction in the respective NN channels.

1) The similar attachment of the o meson to the fully symmetric |s>[3]) core leads to the well-known mass shift of the Roper resonance which makes its Breit-Wign-
er mass (1440 MeV) ca. 500 MeV lower than the mass of the excited three-quark state |sp?[3]).
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These findings form a base for the QCD-motivated
dibaryon model of the NN interaction, which we discuss
below. In the model, the basic intermediate-range attrac-
tion between nucleons is a consequence of the formation
of a six-quark bag dressed by the strong scalar ¢ field in
NN collisions. It may seem that the physical ¢ meson
(listed as fp(500) in the PDG tables [77]), which has a
mass of about 500 MeV and a large width of the same or-
der, can hardly play such a significant role in the NN in-
teraction. However, it was shown in, e.g., Refs. [78—81],
that the o-meson mass and width can be strongly reduced,
and thus it can become much more stable, due to the par-
tial chiral symmetry restoration, which takes place in ex-
cited hadrons or dense baryon matter. We assume a simil-
ar mechanism to take place in the 64 states, which satisfy
both these conditions due to their compact size (at least
for some of the known dibaryons) and inner 2%iw excita-
tion. Thus, we have shown in Refs. [72, 73] that the ABC
effect in the pn — dnr reactions can be explained by the
emission of the renormalized ¢ meson with the mass of
about 300 MeV and width of about 100 MeV from the
d*(2380) dibaryon state. In the initial version of the diba-
ryon model for the NN interaction [8, 9], we formally
dealt with the stable light scalar mesons with the mass of
about 300— 350 MeV and zero width. We should note
that the stable ¢ meson, as a pure phenomenological con-
struction, has been commonly used in the traditional
meson-exchange models for the NN interactionto ac-
count for the intermediate-range attraction. The interme-
diate dibaryon formation can at least partially substanti-
ate the (relative) stability of the scalar mesons, which
arise not in the empty space between two nucleons, but in
the field of 64 states. The direct inclusion of the ¢ width
in the model would strongly complicate the practical cal-
culations and lead to arising of the complex potential, the
imaginary part of which should be related to inelastic pro-
cesses (mainly 27 production). In the present version of
the model described below in Sec. V, we take into ac-
count the inelastic processes by introducing the dressed
dibaryon width (which effectively includes the width of
the o meson within the dibaryon).

III. QUARK DEGREES OF FREEDOM IN THE
TWO-NUCLEON SYSTEM

The dibaryon concept for the NN interaction, origin-
ally proposed in Ref. [7], and the dressed bag model de-
veloped on its basis in Refs. [8, 9], suggests the follow-
ing picture of the interaction between nucleons. At relat-
ively large distances (ryy > 1 fm), nucleons interact by
the traditional pion exchange. However, when nucleons
approach each other at a distance of ryy <1 fm, a com-
pound dibaryon state is formed, which can be described
as a six-quark bag, dressed by meson fields, where the
most important one is a field of light scalar & mesons. As

a result of multiple transitions of a two-nucleon system to
the state of a dressed six-quark bag and vice versa, an ef-
fective interaction arises, which gives the main attraction
between the nucleons at intermediate distances.

A. Formal scheme including internal and
external spaces

To describe the mechanism of such an interaction, it
is convenient to use a two-channel formalism, which as-
sumes that a system of two nucleons can be in two differ-
ent states (channels): an external NN channel and an in-
ternal dibaryon channel. The total wavefunction of such a
system consists of two components belonging to two dif-
ferent Hilbert spaces. Thus, it can be written as a two-
component column:

lIIeX eq,{ex
YeH = [ \Pin e7_{in J

The two Hilbert spaces, H®* and H™, have quite dif-
ferent natures: W depends on the relative coordinate (or
momentum) of two nucleons and their spins, whereas ¥
can depend on quark, gluon and meson variables of the
internal state. The two independent Hamiltonians are
defined in each of these spaces: h** acts in H* and A"
acts in Hi"

The total Hamiltonian % acting in the total Hilbert
space H = H™*@H™ can be written in a matrix form:

hex hex,in
h= ( hin,ex hin ]’ (3)

where the transition operators A" = (™) determine
the coupling between external and internal channels. Note
that if operators 4 and A" are self-adjoint and A" is
bounded, then the Hamiltonian / is the self-adjoint oper-
ator in H .

The external Hamiltonian

K = 140

includes the kinetic energy ¢ of the NN relative motion
and some peripheral part of the interaction v**, i.e., the
peripheral part of the meson-exchange potential and the
Coulomb interaction in the case of two protons.

The total wavefunction ¥ satisfies the two-compon-
ent Schrodinger equation

h¥ = EV. 4)
By excluding the internal component, one obtains an

effective Schrodinger equation for the external channel
only:
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hcff(E)\PCX — E\{;ex (5)
with an effective “pseudo-Hamiltonian”
heff(E) = 1+ hex,in gin(E) hin,ex =+ 1%+ W(E), (6)

which depends on energy”E due to the resolvent of the
internal Hamiltonian g'"(E) = (E - h™™)~! .

Having found the solution ¥** of the effective equa-
tion (5), one can uniquely restore the excluded internal
state:

\I_,in — gin (E)hin,CX\PCX. (7)

To determine the components of the total Hamiltoni-
an in the above formal scheme, it is necessary to use
some microscopic theory, which, in principle, is able to
describe both the external and internal channels and, most
importantly, the transitions between them. A six-quark
model was used for these purposes in Refs. [8, 9]. We
briefly outline, below, the main assumptions and the res-
ulting form of the dibaryon model following from the mi-
croscopic six-quark treatment of the NN system.

B. Six-quark structure of the two-nucleon system:
symmetry aspects

Within the microscopic six-quark description, the
RGM ansatz can be used for the NN -channel wavefunc-
tion:

WV (123456) = Al (123)yn(@56) un (), (8)

1 . .
where r = =(r1+ry+r3—rs—rs—rg) is the distance between

the nucleon clusters, and ¥y (i, j,k) is the quark wavefunc-
tion of the nucleon:

Un(123)=on (1, EDI1°1eS 34,12 1cs) T3 : [Plest),  (9)

with pP1=ry—r, §1 = %(I‘] +r2)—r3, S3q = 1/2, T3q =
1/2, and A is the antisymmetrizer consisting of permuta-
tions of all six quarks.

Then the wavefunction in the external channel corres-

ponds to the renormalized RGM relative-motion function
[82]:

P (r) — N~ 2 wn(r), (10)

where N is the so-called overlap kernel:

N, r) = (WNYNIASF — PIYnYN). (11)

The external and transition Hamiltonians correspond
to the following RGM expressions:

B = hgam(r',r) =WNYNIARG NN ),
B = h (5 ApED =Wy ARg ™, (12)

which include some microscopic 6¢ Hamiltonian. Here,
for brevity, the set of inner coordinates of the six-quark
system r,p1,&1,02,&2 1s denoted by r.{pé} .

Next, we consider the possible symmetry of the 6¢g
wavefunctions in the framework of the translationally in-
variant shell model (TISM) including all 64 configura-
tions with 0 Aw, 1 hw, and 2 fiw excitations. Let us con-
sider the possible 6¢ spatial symmetries of the external
NN channel, e.g., in the case of an § partial wave. If one
assumes the symmetry of the nucleon wavefunction as
[fx] = [3]x, then the allowed 6 symmetries in even par-
tial waves should be [6]x and [42]x . These two compon-
ents should be associated with unexcited |s®[6]xL = 0)
and excited |s*p?[42]xL=0,2) configurations, respect-
ively. It was shown in Refs. [75, 76, 83] that the compon-
ents of the first type should be identified with bag-like
configurations, while the second-type components can be
naturally identified with the proper NN configurations.

The quark wavefunction of the nucleon is a quark
shell-model configuration s°[3]y symmetric in the X (co-
ordinate) space, and in the CST (color, spin, isospin)
space. It is described by a specific set of Young schemes
satisfying the Pauli principle:

IN) =|5*[31x)IN(CST)),
IN(CST))=I[1%]csri21]cs ([P ]col21]5)0[21]7)).  (13)

The 6 wavefunction of the NN system composed
from the free-nucleon states (13) can be expanded (see
the formalism in Refs. [84, 85]) in the quark shell-model
configuration series, which includes both fully symmet-
ric s°[6]x and mixed-symmetry s°p[51]x, s*p?[42]x,
53 p°[3°]x states. Here the s® and s*p? configurations cor-
respond to the even NN partial waves, while s°p and
s’p® ones to the odd NN partial waves. It is important
that the restrictions imposed by the Pauli principle in the
mixed-symmetry states are not as stringent as in the case
of the fully symmetric ones [6]x, but still remain quite

1) From the mathematical point of view, an operator depending on the spectral parameter is not an operator at all, because its domain depends on this spectral para-
meter. Therefore, strictly speaking, such an object should not be called the Hamiltonian. However, physicists ignore this fact and use energy-dependent interactions very

widely.
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important for the “almost symmetric” Young scheme
[51]x .

The following basic sets of states satisfy the Pauli
principle for the NN channels [75, 76, 86] (taking into ac-
count the requirement of color neutrality, [13]¢ x[13]¢ —
[2°]c ):

1. For even orbital momenta L (i.e., ST = 10,01 )

Yo =Is°[6]xL=0;[1%]cs T
x{[2¥]cs (12%]col42]5)0[3%17)), ST = 10, (14)

¥, =Is°[6]xL=0;[1%]cs T
x{[2%1%]cs (12°1c0[3%]5 )o[42]1r )y, ST =01, (15)

and

P =|s*p?[42]xL=0,2;[2*1*]cs T
x{[fles (12%1col42]s)0[3%17)), ST =10,  (16)

where i =1,2,...,5 is the number in the set of color-spin
(CS) Young schemes:

[Hles =120 col42]s) = [421, [3211,12°1, [31°],[21%]  (17)

(here [2%]co[42]s is the inner product of the color and
spin Young schemes),

' =|s* pA[421xL=0,2:[2° 1% cs7
x{[flcs (128 1co[3%]s)042]7}), ST=01,  (18)

with i = 1,...,4 being the number in the set

[fyles E12%1col3%1s) = [3%], [41%], [221%], [1°].  (19)

2. For odd orbital momenta L (i.e., ST = 11,00 )

¥y =[5’ p[S1xL= 1;[21*]cs 7
x{[files (12°1col42]s)o[42]7}), ST=11 (20)

(here only the values [files = [321],[2%],[21%] from the
set (17) are allowed, while [42] and [31°] are forbidden),

¥ =[5> p[511xL= 1;[21*1cs 7
x{[221%]cs (12 ]co[3%]s)o[3%17)), ST=00,  (21)

and

P9 =5 p*[3%1xL = 1,3:[2%|est
x{[f3]cs (2% 1col42]s)o[42]7)), ST=11  (22)

with i = 1,2,...,5 being the number in the set (17),

¥, =15° pP[321x L = 1,3; [2%)es 7
x{[f1es ([12°1co[3%15)0[3%17)), ST=00  (23)

with i = 1,...,4 being the number in the set (19).

One can see that the Pauli exclusion principle does
not forbid the unexcited configurations s°[6]x and
s°p[51]x in the channels with positive and negative par-
ity, respectively, but severely limits the set of allowable
Young schemes in the CS subspace, reducing the al-
lowed basis to only a single CS state [23]cs ([221%]cs) in
even triplet (singlet) partial waves and strongly restrict-
ing the basis in odd partial waves. At the same time, the
excited configurations s*p?[42]x and s> p*[32]y satisfy the
Pauli principle for any value of the CS Young scheme
from the Clebsch—Gordan series (17) and (19) for the in-
ner product of color and spin Young schemes in the
triplet (S = 1) and singlet (S =0) channels. So, in a rough
approximation, one can evaluate the short-range NN in-
teraction by considering the configurations dominating in
the overlap region of two nucleons.

In quark models using the QCD-induced interaction
[87], viz., the confinement potential ~ 4;4; and the spin-
dependent color-magnetic interaction ~ A;djo07;, the
state with the most symmetric Young scheme [42]cs
from the series (17) is marked out in energy. Note that the
energy splitting between the states with the color-spin
symmetry [42]cs and [23]¢s is of the same order of mag-
nitude as the N — A splitting (i.e., the splitting between the
hadronic states with the color-spin symmetry [21]¢s and
[13]cs). It is worth noting that, from the whole series
(17), only the first term [42]cs corresponds to the state, in
which the color-magnetic interaction term leads to the
NN attraction in the overlap region [75, 76, 86]. In the
singlet channel, the state with the most symmetric Young
scheme [3%]cs from the series (19) plays the same role.
Consequently, the dominance of the configurations
s*p?[42]x and s?p*[3%]x over the more symmetric ones
s%[6]x and s°p[51]x in the overlap area can lead to the
NN attraction instead of the strong short-range repulsion
in the traditional approaches.

The numerical calculations [75, 76] of the NN elastic
scattering within the RGM framework confirmed the
above conclusions made from the symmetry considera-
tions. In these calculations, the authors used the QCD-in-
duced interaction and took into account the exchange of
the Goldstone boson { o, } between quarks.

The six-quark RGM wavefunction of the NN system
Yy = Alywn(r; EYN(123)N(456)}, corresponding to the
realistic description of the scattering phase shifts in the

114106-8



Dibaryon resonances and short-range NN interaction

Chin. Phys. C 46, 114106 (2022)

35, wave in a wide energy range 0 < E <1 GeV, was
projected onto the shell-mode 6g configurations s°[6]x
and s*p?[42]x by using the TISM methods. As a result,
the following important representation was obtained for
the microscopic wavefunction Wyy [75, 76]:

PanCS 15 E) = co(E)Po+ P, CS 15 E),

5
Vo S E) = ) SENY + AN EINNY, - (24)
i=1

where the antisymmetrizer A was omitted before 64 con-

figurations ¥, since the basic states (14)—(23) are anti-

symmetric by definition:
AY, =V¥,, A=A (25)

Note that the same expansion can also be written for
the singlet S-wave NN channel:

Prn(1S0; E) = ch(E)Py+ W', ('S o; E),

4
2 (1Sg:E) = Zc’;")(E)\P’;") + AN S (r,E)NN).  (26)

i=1

In both cases, the first term proportional to ¥y (¥} )
includes a coherent superposition of NN, 44 and CC
states (see, e.g., the first column of Table Al in Ap-
pendix A) with the large weight just for the CC compon-
ent (states with the hidden color). Thus, this term likely
corresponds to a 6g bag-like component.

The second term ‘I’%N [T,%N] includes a coherent su-
perposition of five [four] components corresponding to
the  mixed-symmetry  configurations  s*p?[42]x
[s3p’[3%]x] with all CS Young schemes from the series
(17) [(19)]. This term has been demonstrated [75, 76] to
correspond to a state vector where the cluster NN com-
ponent (i.e., widely spaced and non-symmetrized product
of the nucleonic wave functions) has the maximal weight,
while the remaining components interfere destructively
and, as a result, can only be considered as small correc-
tions to the basic NN component. At the same time, the
asymptotic part A{y{y(r; E)YN(123)N(456)} of the cluster
component \P[%N is orthogonal to configurations ¥, and
has only a minor effect on the short-range wavefunction
[75, 76].

Thus, according to Refs. [75, 76], the quark-model
wavefunction of NN scattering in the 3S; partial wave
consists of two qualitatively different components: the
shell-model state s°[6]y symmetric in the coordinate
space, like a 6g bag composed mainly from CC states and
corresponding to the internal dibaryon channel, and the
NN cluster-like state ‘P]%N corresponding to 2hiw -excited

relative motion of two nucleons at short distances (i.e.,
the external channel). By analogy, we may assume that
the quark-model wavefunction of NN scattering in the
1S partial wave also consists of two different compon-
ents: the shell-model bag-like state s°[6]x and the NN
cluster-like state T’%N . Therefore, the transition from the
external NN component (mainly having the mixed sym-
metry) to the internal 64 bag components must be accom-
panied by a transition of two p-shell quarks to the s shell,
with an emission of two tightly correlated pions.

The projection of the cluster component onto the NN
channel in the overlap region r < 2b (where b is the radi-
us of nucleon “quark core”), at each fixed value of en-
ergy E, takes the form:

[ 5 2 2
6! gy _ r 3r
W(NA” i:ElCz |lII2 >—N() l_ﬁ exp —m (27)

(we should use the primed terms ¢,”¥,” in the case of
the 'Sy wave). This relative-motion wavefunction has a
radial node localized at the distance b. According to Refs.
[75, 76], both components have approximately equal
probabilities Y7, |c(2i)(E)|2 ~ |co(E)[*> for any value of E in
the interval 0 < E < 1 GeV. Consequently, the node of the
NN cluster part of the wavefunction (27) is almost inde-
pendent on energy in this range. This means that only the
normalization factor A in the r.h.s. of Eq. (27) is really

dependent on energy up to ~ 1 GeV.

C. The nodal structure of NN wavefunctions

The stationary node at the distances r~ b plays the
same role in NN elastic scattering as the repulsive core in
the traditional potential models for the NN interaction. In
particular, the stationary node of the NN wavefunction
completely explains the constant negative slope of the
phase shifts in the S (1S() partial wave, up to energies
E~1 GeV.

As for the 3D; (D») partial waves, they correspond to
the configuration s*p?[42]x(L=2) in the quark-model de-
scription. So, in the *D; ('D,) channels, instead of Egs.
(24)—(26), one gets a similar expansion:

YyvCDyE) = Y2, D E)

5 4 i ass X
=Zizldg}(E)\ngﬁﬂ{XNj;DJ(r;E)Yz(r)NN}J (28)

for the triplet D waves and for the singlet D wave as well
(with primed basis functions and primed coefficients).
Despite the fact that the expansions (24) and (28)
seem very similar, they actually correspond to a different
behavior of NN scattering phase shifts. This can be seen
by projecting the cluster component ‘P%N@D ;; E) onto the
NN channel. Instead of the nodal function (27), one gets

114106-9



V.I. Kukulin, V.N. Pomerantsev, O.A. Rubtsova ef al.

Chin. Phys. C 46, 114106 (2022)

a nodeless radial function

L 1 32
\/3'3‘2'<NN|Zd()|\y(>> No— Yz(r)exp( b2)‘ (29)

Therefore, in contrast to the 35 (1S) wave, the hard-
core effects should not be manifested in the energy de-
pendence of the *D; ('D,) phase shift. However, the spin-
orbit interaction and tensor coupling in the triplet chan-
nel could modify the energy dependence of the 3D, phase
shift as compared to our qualitative quark-model consid-
eration accounting for the Pauli exclusion principle.

The situation with the triplet odd partial waves *P;
and 3F; looks a little bit more complicated than for even
partial waves. In fact, the possible Young schemes for the
orbital part of the 64 wavefunction in P waves are
s°p[51]x and s°p3[33]x with respective CS parts shown
in Egs. (20)—(23). Thus, we can assume that the wave-
function with the symmetry s°p[51]x, being the interme-
diate between the fully symmetric bag-like component
s%[6]x and the highly clusterized state s*p>[42]y, should
manifest some cluster-like properties, i.e., it can dissoci-
ate into the respective NN channel.

Meanwhile, in P waves, one should take into consid-
eration the spin-orbit splitting even for the 6¢ wavefunc-
tion. Taking into account the spin-orbit splitting, one
notes that p: quark orbit lies lower than p. orbit. There-
fore, the 6¢ configuration s°p[51]x includes Just the p;
single-quark orbit, i.e., it corresponds to the s’ p: [SI]X
state quite similarly to the nuclear physics case of the *Li
and “He ground states (with the nuclear shell-model con-
figuration s p;[4l]x). In turn, the possible total angular
momenta for the configuration s’ p:[5llx are J=2 and
J=1, but not J=0 . In such a case, in the triplet NN
channels 3P, — 3F, and 3P, one has a superposition of
two 6g components: s°p:[51]y +s°p*[33]x, while in the
3Py channel one has the nodal s°p3[33]xy component only.
Due to the presence of a radial node in the NN scattering
wavefunction, this component corresponds to the strongly
enhanced kinetic energy and thus induces some addition-
al repulsion in the NN system.

Although, in general, the formalism for the odd par-
tial waves *P; — 3F; and 'P; — 'F3 is more complicated,
we use here the basis vectors from the set (20)—(23), in
the same way as we used the states (14)—(18) for the even
partial waves 35| — 3D, and 'Sy — 'D, . First, we con-
sider the basis of the state with the total orbital mo-
mentum L =1 . The state with the Young scheme [42]cs
apparently plays here the same role as in the 3§, — 3D,
channels. This can be seen from the comparison of the
basis vectors (20), (22) and (14), (16). Therefore, it is
also possible here to expand the quark wavefunction into
an NN cluster part and a bag-like part with the more sym-

metric wavefunction in the coordinate space (its CST
content is strongly limited by the Pauli principle):

YawCPsE) = Zﬁ({}(E)‘I’(’) +¥2 CPE),

=1

WCPsE)= Zp@(E)\P“}MWNSP,@;E)&(f)NN}J.

(30)
Here, ﬁ(l‘}(E) and p(’)(E) are the expansion coefficients of
the NN -scattering quark wavefunction (e.g., the solution
of the RGM equation) with a given value of the total an-
gular momentum J=L+S (here S =1 and the obvious
algebra of addition of momenta is omitted). In the over-
lap area r < 2b, the projection of the cluster component of
the function (30) onto the NN channel, calculated by the
TISM methods, must have a node at a distance r = b, re-
gardless of the specific value of J, if there is no spin-or-
bit interaction.

2 3,.2
@ ng(d)
w/3'3'2'<1\71\/|Zp 1Py = N;( ) Yl(r)exp( 4b2).

31)

In reality, the spin-orbit interaction is present, and, as
a result, the phase shifts in *P; channels have significant
splitting in J. Moreover, Py and 3P, phase shifts have a
constant negative slope, which indicates the presence of a
stable node in the cluster component of the quark wave-
function and the predominance of an attractive force at
small distances. However, the behavior of the P, phase
shift is different, which is possibly explained by the es-
sential role of tensor mixing 3P, — 3F, .

Meanwhile, to rewrite the shell-model 6g wavefunc-
tions sp[51]x and s3p3[33]y within the framework of the
Nijmegen—ITEP 4g-2g model [54, 55] (see Sec. I.B),
one gets a strong spin-orbit attraction in the component
|s’p[51]x,J = 2) and much weaker — in the component
|s3p[511x,J = 1) . Thus, the weight of the nodeless com-
ponent |s°p[51]x,J =2) should be much higher than that
of the |s°p[51]x,J = 1) component, as compared with the
contribution of the second (nodal) component
|s*p°[331x.J) -

As a result of this qualitative consideration, one can
conclude that the NN radial wavefunction in the triplet
3P, channel should be predominantly nodeless with the
main component |s°p[51]x,J =2) . At the same time, for
the 3P| channel, the situation is opposite, i.e., the |s> p*[33]x.,
J =1) component should dominate. In the 3P, channel,
the mixed-symmetry configuration |s3p’[33]x,J = 0)
leads to the nodal radial wavefunctions. The empirical be-
haviour of the triplet P-wave phase shifts correspond ex-
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actly to such a behaviour of quark wavefunctions, which
follows from the microscopic consideration.

The situation in the triplet *F; channels resembles the
one in the 3P; channels: the p-shell states with the mixed-
symmetry configuration |s*p3[331x,J), J =2,3,4, corres-
pond to the nodal radial wavefunction, but in this case
there should be an admixture of the f~shell states with an
almost symmetric configuration |s°f[51]x,J) having the
CS structure considerably restricted by the Pauli prin-
ciple.

Hence, all the triplet odd partial waves P, and °F;
can be described by the dibaryon model for the NN inter-
action. The situation in the singlet odd channels 'P; and
IF5 is simpler, since the spin-orbit splitting is absent here
and there is only one bag-like state (21) in the P wave.
Here, the expansion similar to Eq. (30) has the form:

¥yn('P1;E) =p1 (B, +¥2, ('Pi;E),

¥, (\P;E) = Zp’(”(Ewg“"+ﬂ{x7v-xm(r;E>Y1(f)NN}H

(32)

An analogous expansion is valid for ¥yy('F3; E) with

the substitution p|(E) — f{(E), ¥} = ¥/ =|s°f[51]xL=3),
., etc.

Thus, we have shown that just the mixed-symmetry
states with the six-quark structure |s*p?[42],LS T) domin-
ate over the fully space-symmetric configuration |s°[6])
due to a much higher statistical weight and specific fea-
tures of the quark-quark interaction (v, ~ Aid;3@)).
When treating the S-wave NN interaction, this property
leads to the presence of a stationary node in the NN radi-
al wavefunctions in a broad energy range from zero to 1
GeV [75, 76].

The same property is also valid for the P-wave states
of the 6q system, where the |s*p3[33],LST) configura-
tion dominates over the |s>p[51],LST) one. Hence, the
NN scattering radial wavefunctions in such P waves must
display a similar nodal behavior.

IV. EFFECTIVE HAMILTONIAN OF THE
DIBARYON MODEL

Let us now turn to the formalism of the dibaryon
model. After excluding the internal channel from the total
Hamiltonian (3) acting in the two-component Hilbert
space, one comes to an effective NN Hamiltonian (6):

WYE) = B + w(E), (33)

where w(E) = h®*in gi"(E) hi™X is the effective energy-de-
pendent interaction due to the coupling with the internal

channel. We recall that the external Hamiltonian A in-
cludes, in addition to the kinetic energy ¢, the peripheral
meson-exchange interaction. Below, we show how the
explicit form of the effective interaction w(E) can be ob-
tained from the microscopic quark consideration in the
pole approximation.

A. The pole approximation for the resolvent of the
internal Hamiltonian

A complete description of the internal channel, as a
system of six interacting quarks surrounded by a meson
field, is a complicated problem. However, to determine
the effective potential w(E) in the external NN channel, it
is sufficient to take into account only one or few lowest
states of the 64 bag, which leads to a simple pole approx-
imation for the resolvent of the internal channel:

1n(E) Z

where |@) is the 64 part of the wavefunction for the diba-
ryon states. The plane waves |k) describe the o-meson
states, whereas the total energy Ei,(a,k) of the dressed
bag is:

|, k), kld*k k|d3k

E-Ei(a, k) 3

E(y(k) =My + 80-(/(), (35)
where

go(k) = k2 [2my + Wy (k) = my + k> [ 271, (36)
wy(k) = \Jm2 +k? is the relativistic energy of the o
meson, m, = mymy/(my+my) 18 the reduced mass of the
dressed bag and m, and m, are the masses of the o
meson and the bare 6¢ bag, respectively.

Using the pole approximation (34) for g™, one can
represent the effective interaction w(E) as a sum of fac-
torized terms:

~ hex,inla, k)(a/, klhin,ex dSk
WE)= Z f E-Enah) O

Such an effective interaction w(E), resulting from the
coupling of the external NN channel to the dressed 6¢g
bag, is illustrated in Fig. 2.

Since we have adopted the pole approximation (34)
for the resolvent of the internal channel g™, the deriva-
tion of the effective interaction w in the external channel
does not require the knowledge of the full internal
Hamiltonian A of the dressed bag, nor the full transition
operator A" . As follows from Eq. (37), it is necessary
to determine the result of the transition operator action
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Fig. 2. Effective NN interaction induced by the formation of
an intermediate 6¢ bag dressed by meson fields.

only on those states of the dressed bag |o, k), which we
included in the resolvent g™

If the RGM ansatz (8) is used to describe the external
channel, then the action of the transition operator (12) on
the state |@, k) can be formally written as:

hex,in|a,’ k)= ({WNWN}ST|00(k’E)|a’ k), (38)

where O,(k,E) is an annihilation operator for the o
meson with the momentum k and the indices ST are the
spin-isospin quantum numbers of the NN state [with the
nucleon 3¢ wave function given by Eq. (9)].

The formal expression (38) already allows us to
define the general structure of the transition vertex B in
Fig. 2, without detailing the form of the operator
O, (k,E). After the partial-wave decomposition of the
r.h.s.in Eq. (38), one obtains (at a fixed orbital mo-
mentum of the o meson L ):

HEMAS g L) g ) = ZBL s ENZ{Sh,  (39)

where the sum over L includes all the admissible values
of NN orbital momenta compatible with the fixed value
of J, L, and S, . The function BLLS (k,E) is the vertex
function in the transition NN < 6¢g+0 and Z]¥ € H*™ is
the transition form factor in the NN channel.

It is essential that the form of the radial functions
Z/%(r) can be derived from the quark-model calculations
in terms of the RGM ansatz. Moreover, the vertex func-
tions B[ Ls (k,E) can be also calculated within the same
microscopic model [8, 9]. For the convenience of the
reader, Appendices A and B provide a brief summary of
the main assumptions and relationships used in the deriv-
ation of the functions Z/¥(r) and By ! 15k E) in Ref. [9].

After substituting Eq (39) into Eq (37), one obtains
an effective potential w(E) induced by coupling the ex-
ternal NN channel to the internal dibaryon channel in a
form of a sum of simple separable terms for each partial
wave:

wE) = Y ViLE), (40)

S,JLL.L

with

Vi (E) = Z 2] A4 L (BXZIN), (1)

where the energy-dependent coupling constants Ay, ,,(E)
are expressed in terms of the integral over the mo-
mentum k£ of the product of two transition vertices B and
the convolution of the meson and quark propagators:

B 15k E)B] 1.g (k.E)

A, (E) = f I dke—= T ED : (42)
0

Eqgs. (40), (41) and (42) are the main result of the
quark microscopic treatment for the NN interaction with-
in the two-component formalism. One can see that incor-
porating the non-nucleon (dibaryon) components leads to
an effective NN interaction w(E), which has the form of a
sum of separable terms with a specific energy depend-
ence and which, in particular, can include the coupling
between NN channels with different values of the orbital
angular momentum L, i.e., tensor mixing.

B. A repulsive core effect in the external NN channel

As noted in Sec. III.B, the important feature of the
suggested mechanism for the transition between the ex-
ternal and internal channels is the presence of two ex-
cited p-shell quarks in the incident NN channel, which go
to the s shell with emission of two highly coherent pions
(see Appendix B for details). Such a mechanism spans
the transitions s*p?> — s¢ and s3p® — s°p when the inner-
channel states are described by the most symmetric con-
figurations s® and s°p in even and odd partial waves, re-
spectively. In line with this assumption, we should
primarily consider the states in the external NN channel,
which correspond to the quark configurations s*p? and

3 . First, one should take into account their orthogon-
ality to the inner states s® and s°p . According to the res-
ults in Sec. III.B and III.C, NN wavefunctions in S and
some of P partial waves have a definite nodal structure,
which reflects this orthogonality. As it was shown in
Refs. [8, 9], such a nodal behavior reproduces an effect of
the traditional repulsive core at short NN distances . g

To obtain the correct nodal behavior of the NN wave-
function, it is necessary to ensure its orthogonality to the
corresponding symmetric 6g state, using a projector onto
this state, e.g., P(s®) for the S-wave case. In the space of
NN variables, i.e., in the external channel, it reduces to
the one-dimensional projection operator P:

WNUNIPsymlynn) = P = |go)eol. (43)

1) It should be noted that Neudatchin ez al. [86, 88, 89] were the first to establish this fact back in the 1970s. In succeeding years, some quantitative attempts were
made to confirm this microscopically in terms of a constituent quark model [75, 76] or phenomenologically in terms of the Moscow NN potential [90].
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If one uses the harmonic oscillator (h.o.) wavefunc-
tions for the nucleon (s°[3]) and the six-quark (s°[6])
states, the form factor |¢g) in the external space is just the
nodeless h.o. |0s) state in the NN relative-motion vari-
able:

1¢0) = 108)n.0.- (44)

Now, to exclude an admixture of the Os function |¢g)
and to ensure the presence of a stationary node in the ex-
ternal-channel wavefunctions, as required by the micro-
scopic treatment (see, e.g., Egs. (24) and (26)), the
Schrédinger equation (5) for the wavefunction in the ex-
ternal channel should be solved with an additional ortho-
gonality constraint:

(Fgpo) = 0. (45)

To solve equations with an additional orthogonality
condition, similar to (45), it is convenient to use the or-
thogonal projection method (see, e.g., [90]). In this meth-
od, the equation is solved in full space, but a projector
onto the subspace to be excluded [the projector P (43) in
our case] with a large coupling constant A, is added to the
original Hamiltonian. Thus, we obtain the final form of
the effective equation for the external-channel wavefunc-
tion:

(h™ +W(E) + AgP — E)¥* =0, (46)

The orthogonalizing term AgP in the effective equa-
tion (46) replaces the traditional repulsive core in the NN
interaction. It should be noted that, although the ortho-
gonalizing term AypP can be formally assigned to the ex-
ternal channel and included in the external Hamiltonian
h*, its appearance is associated with the six-quark sym-
metry of the system, i.e., with non-nucleonic degrees of
freedom.

A similar situation takes place in P waves. Here the
6g wavefunction of the cluster NN channel should not
contain an admixture of the s°p[51]xy configuration,
which is associated with a quark core. Therefore, passing
to the variables of NN relative motion, one gets the or-
thogonality condition:

F*p1) =0, 1) = 1 pino. 47)

and the corresponding projector.

Formally, it is necessary to take a limit 1g — oo to
completely exclude the most symmetric 64 configura-
tions from the external channel. In practical calculations,
it is usually sufficient to take the value of Ay to be ca. 10°
— 10° MeV. Note that the admixture of excluded states
decreases with increasing Ay as A;' . However, keeping
in mind that there are no completely forbidden states in
the 64 system, we can consider a more general case when

the admixture of the symmetric component in the wave-
function is not completely excluded, but limited. This can
be done using the same projector P in the external chan-
nel with a finite value of A, ca. 10> — 10° MeV. Such a
form of interaction is employed below in Sec. V.

C. The results of calculations with the dibaryon
(dressed bag) model
The version of the dibaryon model described above,
based on the microscopic six-quark description of the NN
system and referred to as the dressed bag model (DBM)
[8, 9], results in the equation (46) with the following ef-
fective NN interaction:

Vel = v L W(E) + Ao P. (48)

In the DBM, the interaction in the external channel
v¥* included the one-pion exchange potential (OPEP)
with a soft dipole cutoft:

2
. (49

= 2 2
mz P +m; \Aoyy+q

JOPE _ _f_i(TlTZ) (019)(029) (AzerN - mfr)
with m, = (mp +2m,)/3 being the averaged pion mass,
f2/(4m) = 0.075 the averaged pion-nucleon coupling con-
stant and A,yy = 0.6 — 0.7 GeV/c the high-momentum
cutoff parameter, and a small potential v'*E which
provided an additional attraction (ca. 2—3 MeV) in the re-
gion r ~ 1.5 =2 fm:

VIPE(r) = vIPE (812)? exp(—Br?). (50)

In Ref. [9], it was assumed that such a potential could
represent the contribution of the peripheral part of the
two-pion exchange. This contribution turned out to be im-
portant for a precise description of the scattering length
and effective radius in the 'Sy and 3SD, channels. It
should be noted, however, that in the modified version of
the dibaryon model generalized to higher partial waves
(see Sec. V), the external interaction v** does not include
the terms similar to the potential vT7E

The model was employed in Ref. [9] for the descrip-
tion of NN elastic scattering in the 'Sy and *S D partial
waves and the deuteron properties. A very good descrip-
tion for the elastic scattering data in the energy region
from zero to 1 GeV, including the low-energy paramet-
ers (scattering length and effective range) and the deuter-
on static properties such as quadrupole momentum,
charge radius and others, was obtained with the weight of
the internal (dibaryon) component in the deuteron ca.
3.6%.

In a system of several nucleons, each pair of nucle-
ons can form an intermediate dibaryon state. Con-
sequently, the dibaryon concept inevitably leads to the
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emergence of a new three-body force, which arises due to
the interaction of a dressed dibaryon formed from a giv-
en pair of nucleons with another (third) nucleon. Apply-
ing the dibaryon model for NN and 3N interactions in a
three-nucleon system resulted in a good description of the
binding energies for the °H and “He nuclei and their Cou-
lomb difference [91-93]. The DBM was also tested in the
calculations of the ground states of the °Li and “He nuclei
[94] within the framework of the three-cluster a+2N
model, taking into account a new three-particle force in-
duced by the interaction of the internal dibaryon state
with the a core.

Recently, we proposed [13—16] a modified version of
the dibaryon model generalized to higher partial waves,
which takes into account the presence of experimentally
detected dibaryon resonances and allows one to describe
both elastic and inelastic NN scattering in a broad energy
range well above the pion production threshold. This ver-
sion of the model is considered in the next Sections.

V. DESCRIPTION OF ELASTIC AND INELASTIC
NN SCATTERING

One can make some further simplification of the diba-
ryon model when the internal space consists of only a
single state |@) and the meson degrees of freedom in the
internal channel are not considered explicitly [14, 16]. At
the same time, the probability of coupling between this
state and its possible non-nucleonic decay channels can
be taken into account explicitly. In this approximate treat-
ment, the effective interaction w(E) in the external chan-
nel has a pole-like energy dependence. However, the pole
position has an imaginary part, which corresponds to the
possible decays of the internal 6g state into inelastic
(non-nucleonic) channels. This form of interaction al-
lows one to consider both elastic and inelastic processes
in NN scattering. Moreover, this effective interaction
leads to the presence of resonances in the whole system,
the positions of which can be compared with experiment-
al data. One can expect that such a single-pole approxim-
ation for the effective interaction w(E) is justified primar-
ily for the higher NN partial waves where the coupling
constants between external and internal channels should
be rather small. However, as it has been shown in Ref.
[15], the case of strong coupling, which takes place in S
waves, can be also considered within this approximation.

Below, we briefly summarize the main results ob-
tained for this version of the model.

A. The effective interaction

With the above simplifications, the external Hamilto-
nian has the same form as in Eq. (46). It consists of three

terms, i.e., the kinetic energy, the OPEP" (49) and the re-
pulsive orthogonalizing potential for some partial waves.
Here, the value of Ay in the last term remains finite,
which corresponds to an incomplete (partial) exclusion of
the symmetric 6g configuration from the external channel.

The energy-dependent interaction takes a pole-like
form:

1Z){Z]

W)= —F,

: (51

where Ep is the pole position (see below) and |Z) — the
transition form factor which includes the coupling
strengths u. For the uncoupled NN partial waves with a
definite value of the orbital momentum L, one has
|Z) = urlgr) . For the coupled spin-triplet channels with
the total angular momentum J and the tensor coupling of
states with orbital momenta L=J-1 and J+1, we still
consider a single state in the internal subspace which,
however, couples to both partial external channels. In this
case, the transition form factor has the following two-

component form: |Z>E( Ho-1lds1) ) . Thus, for both
Hrvtldri)

spin-singlet and spin-triplet NN partial channels, the
structure of the interaction potential is the same. The
coupling constants from Eq. (42) have a simple pole-like
energy dependence:

HL

J ML,
As (B = E—Ep

(52)
where the values of the partial strengths p;, ;. and the
energy Ep depend on the total angular momentum J and
spin S.

Similarly to the DBM treatment, the form factors |¢)
and |¢;) are taken as the h.o. functions with the same
scale parameter ry, in accordance to the shell model:

dor(k) = Aop (kro) e k)", (53)

drk) = Ay (krg)-*!

3 1 2
L+ z - (k}"o)z} e_E(kVU) , (54)

where Ao, and A;; are the normalization factors. If the
potential contains the orthogonalizing term with the node-
less function (53), then the form factor in the coupling
term has the form (54) with the same parameter ry . If the
orthogonalizing term is absent (i.e, 1o =0), the coupling
form factor is taken in the nodeless form (53).

Thus, in this version of the model, the general form of
the interaction remains the same as in the DBM. The

1) In our present calculations, the soft cutoff Ay = 0.65 GeV/e is used for all the NN channels except for the 'S and coupled 3S D; configurations where a bit

smaller value 0.62 GeV/c is taken [15].
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main difference is related to the energy dependence of the
coupling constants (42).

B. Account of inelastic processes

For the effective account of inelastic processes and
the description of the threshold behavior of the reaction
cross section in different partial waves, we may consider
the complex-valued energy Ep = Eo—il'p/2, which cor-
responds to a “bare” dibaryon resonance , and introduce
further the energy dependence of the width I'p, . Here, we
assume that inelastic processes occur via the correspond-
ing dibaryon resonance decay. For example, one-pion
production goes via the decay modes D — aNN and
D — nd . The first mode is actually the dominant one for
the known isovector dibaryons. In general, the decay
widths for both these modes should have similar
threshold behaviour, so that, for simplicity, we include
just the first one in the T'p parametrization and adjust the
parameters to effectively take into account the total in-
elastic width. Thus, we adopt the following representa-
tion of I'p :

O, \/E < Ethr;
r = F
p(V5) FOFEA\Z;, Vs>Epn |’

(55)

where +/s is the total invariant energy of the decaying
resonance, M, — the “bare ” dibaryon mass,
Ewr = 2m + m,; — the threshold energy, and I'y defines the
decay width at the resonance energy.

The function F(+/s) should take into account the
dibaryon decay into the 7NN channel. Therefore, for the
given values of the orbital angular momenta of the pion
I, and NN pair Lyy, this function can be parameterized
as follows:

1 \s—m, 21,,+lk2LNN+1
F(V9) = - f M 1 (56)
2

s m NN (6]2 +A2)l”+1(k2 _,_AZ)LN,VH ’

where ¢ = \/(s —mz—M3\)? —4m,2,M]2\,N/2 /s is the pion

momentum in the total c.m.s., k= % ,/M,%,N—4m2 — the

momentum of the nucleon in the c.m.s. of the final NN
subsystem with the invariant mass Myy, and A — the
high-momentum cutoff parameter, which prevents an un-
physical rise of the width I'j, at high energies. The orbit-
al momenta /, and Lyy may take different values, where-
as their sum is restricted by the total angular momentum
and parity conservation.

In the isoscalar channels, the main inelastic process is
the two-pion production. In this case, one may use Eq.
(55) and an expression for F(+/s) similar to Eq. (56) but

for the D — nind decay [14].

The separable form of the interaction (51) allows one
to find the resonance parameters straightforwardly. In this
case, the explicit expressions for the S-matrix and inelast-
ic cross section can be written. The latter has a similar
form to the Breit—Wigner (BW) one. However, it con-
tains an additional energy dependence in both terms of
the BW denominator. Thus, the resulting energy-depend-
ent width consists of the initial “bare” width I'p and a
term which results from the coupling with the external
NN channel. The resonance position shifts due to this
coupling as well (see details in Refs. [13] and [14]). Thus,
in this version of the model, the coupling between the ex-
ternal NN and the internal (“bare” dibaryon) channels
leads to a renormalization of the complex energy of the
initial “bare” dibaryon and its transformation to the phys-
ical mass and width of the “dressed” dibaryon, which can
be deduced from experimental data.

C. Elastic and inelastic NN scattering amplitudes

The results for particular NN partial-wave amp-
litudes have been reported in Refs. [13— 16]. Here we
summarize the results for the lowest 14 NN partial chan-
nels, including new and updated fits for some channels,
which have not been considered previously. We use the
conventional K-matrix notations [24, 25] for the partial
phase shifts, inelasticity parameters and mixing angles.

1. Channels related to the known dibaryon resonances

We start from 10 NN channels (including three
coupled-channel configurations), where experimental
evidences for the corresponding 7 dibaryon resonances
take place (see Sec. II). The model parameters for these
channels are collected in Table 1. The data for the chan-
nels with definite values of J are separated by lines. The
parameter values have been fitted to reproduce the partial
phase shifts and inelasticities in each partial configura-
tion. Thus, we obtained the “bare” masses M, to be rather
close to the masses of the known dibaryon resonances
which, in turn, are close to the respective di-hadron
thresholds (NA, NN*(1440) or AA), as discussed in Sec.
II.A.3. The values of Ay reflect the repulsive part of the
interaction, which is also consistent with the nodal struc-
ture of the corresponding wavefunctions (see Sec. II1.C).
The values of ry should depend on the features of the in-
ternal state as well. In fact, ry changes not so arbitrary as
it may seem from Table 1. As it has been noted above, we
use different form factors given by Egs. (53) and (54),
i.e., represented by the nodeless h.o. function (when
A0 =0) and the h.o. function with one node (when
Ao #0), respectively. The effective ranges R = \/@ of
the above h.o. functions are different and additionally de-

1) Actually, we mean here a 64 state dressed with meson loops, but not with the NN loops.
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Table 1. The dibaryon model parameters for the lowest NN

partial channels.

28+, Ao/MeV ro/fm ur/MeV Mo/MeV
1S, 165 0.48 274.2 2300.313
384 165 0.475 248.1 2275.69
3D, 0 0.6 65.9
3Py 450 0.425 35 2200
3p, 0 0.7 65 2205
3F, 105 0.45 1.5
'D, 0 0.82 48 2168
3Ds 0 0.71 58 2363
3G, 0 0.71 36
3F; 0 0.5 70 2240

pend on the orbital momentum value L. Thus,
R=roVL+3/2 for the nodeless function and R=
ro VL+7/2 for the h.o. function with one node. Taking
into account these effective ranges, one can find that the
smallest R ~ 0.9 fm corresponds to the S waves and P,
wave, and the value of R rises for higher partial waves,
which looks reasonable”.

In Fig. 3, the partial phase shifts, mixing angles and
inelasticity parameters for the coupled spin-triplet chan-
nels 3§, — 3Dy, 3P, — 3F, and 3D; — 3G3 are shown in
comparison with the single-energy and energy-dependent
solutions of the SAID PWA [35, 36, 58]. We compare all
our results with the SAID solution SM16 [58], except for
the 3D; — 3G; channels, where we use for comparison the
solution AD14 [35, 36], which gives an S-matrix pole
corresponding to the d*(2380) dibaryon resonance. The

partial phase shifts for the rest uncoupled channels 'S,
3Py, ' D, and 3F; are presented in Fig. 4.

A good agreement can be noticed between the dibary-
on model predictions and the SAID PWA solutions up to
rather high laboratory energies Ty, Which correspond to
the resonance position in each case. For the coupled-
channel configurations, some discrepancies are seen for
the 3G; phase shift and mixing angle €;, which require a
further improvement of the model. At the same time, the
coupled NN channels 3D; — 3G3 correspond to the most
evident case, for which the resonance-like behavior of the
NN elastic scattering amplitudes (due to the dibaryon
state d* (2380)) has been found experimentally and con-
firmed by the SAID PWA as well [35-37].

Our model description of the NN scattering amp-
litudes also takes into account inelastic processes. For the
majority of partial channels, the parametrization (55) for
the imaginary part of the internal-state energy Ep with a
decay width in the form of Eq. (56) corresponding to the
D — 7NN decay has been used. The respective paramet-
er values are listed in Table 2. Here, the values of I'y dif-
fer evidently which is caused particularly by a strong de-
pendence of the pion production probability on the NN
channel quantum numbers. The available parameters I,
and Lyy are restricted by the parity and total angular mo-
mentum conservation, and their particular values, as well
as the cut-off parameter A, have been adjusted to get the
best fit of the SAID single-energy data for the inelasti-
city p in the near-threshold region. The large spread of
the A values highlights the need for a more accurate treat-
ment of the dibaryon width in some partial channels. In
particular, a very slow rise of the 3§ inelasticity from
threshold is related to the low single-pion production
probability and importance of the two-pion decay mode
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Fig. 3.  (color online) Phase shifts and mixing angles for the coupled NN partial channels found within the dibaryon model (solid

curves) in comparison with the SAID PWA single-energy (circles) and energy-dependent (dash-dotted curves) solutions: SM16 [58] for
the 3§1-3D; and 3P,—3F, channels and AD14 [35, 36] for the 3D;—3G3 channels.

1) A more detailed analysis of the model parameters will be given in the forthcoming study.
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Fig. 4. (color online) Phase shifts for the uncoupled NN par-

tial channels 'S, 3Py, D, and 3F; found within the dibaryon
model (solid curves) in comparison with the SAID PWA
single-energy (circles) and energy-dependent SM16 (dash-
dotted curves) solutions [58].

Table 2. Parameters used for the representation of I'p, (see
Egs. (55) and (56)) in the lowest NN partial channels.
28+, T'y/MeV A/MeV Inn Ir
'So 40 300 0 1
35D, 80 1800 2 1
3Py 92 87 0 0
3PF, 100 1000 0 2
'D, 100 300 1 0
3F; 150 100 2 0

in this channel. Since we focus here on the general de-
scription of NN datain a wide energy range, we post-
pone the refinement of the model for a better description
of the near-threshold behavior of some partial amplitudes
to a future work.

For the coupled channels *DGj3, the dibaryon width
(55) should include predominantly the two-pion decay
mode, which gives the main impact to the inelasticity
here. Thus, we used here the parametrization of the de-

Table 3.
GeV) found in the present model for seven NN configurations

Parameters (My,, T'y,) of the dressed dibaryons (in

and their empirical values from the references given in the last
column.

B, TUP My Ty Mexp Cexp Ref.
D, 12Y) 218 0.14 [21-23, 62]

2.14-2.18 0.05-0.11

3p, 100 22 01 2201(5) 0.091(12) [59]
3pF,  120) 2221 017 2.197(8)  0.13021) [59]
3P, 137) 223 0185 220226 0.1-02  [20,62]
3sp, 0(1*) 231 016 2315(10) 0.150(30) [15]

s, 10" 233 005 2.32 0.15 [15]
3G, 0(3Y) 2376 0.084  2.38(1)  0.08(1) [35,36]

cay width similar to Eq. (56) but for the D — dnn decay,
with the following parameters: I'o = 60 MeV, Iy =1, =1,
A =150 MeV (see details in Ref. [14]).

The comparison of inelasticity parameters p with the
SAID PWA data for the majority of the NN partial chan-
nels is shown in Fig. 5. For the visual representation, the
dependence of the data on the total invariant energy +/s is
used here. Except for the D, partial wave, all figures re-
flect good agreement of the model calculations with the
PWA data up to the invariant energy values correspond-
ing to the pole position. At higher energies, the calcu-
lated inelasticities decrease, while the PWA data still
grow up. This behavior has been expected, because we
employ the resonance-like parametrization for the decay
width. Other inelastic processes not included into our
model treatment should also give impact to the total in-
elastic amplitudes at higher energies.

Finally, in Table 3, the dressed dibaryon resonance
parameters found from our model fits are compared with
the parameters obtained by PWA or phenomenological
analysis from the experimental data”. The raws of the
Table are sorted by the increasing resonance masses.
Nearly all the dibaryon parameters occur to be in quite
reasonable agreement with the empirical values quoted in
the last column of the Table. The resulting shift of the
dressed dibaryon mass My, with regard to the initial value
M, given in Table 1 for each partial configuration is
caused by the coupling between the internal and external
(NN) channels and depends on the coupling strength y; ,
the type of the form factor and the external part of the
NN interaction (see details in Refs. [13, 14]).

The results presented in Figs. 3—5 show that the pole-
like form of the interaction leads to a rather good descrip-
tion of the NN partial channels with an evident repulsion.
In particular, the phase shifts are reproduced quite well,
even at energies above the resonance positions, though
the inelasticities have the wrong decreasing there. At the

1) The “trivial” dibaryons in the 38 Dy (the deuteron) and 'S (the singlet deuteron) partial channels are not included here.
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Fig. 5.

(color online) Inelasticity parameters for the coupled and uncoupled NN partial channels found within the dibaryon model

(solid curves) in comparison with the SAID PWA single-energy (circles) and energy-dependent (dash-dotted curves) solutions [35, 36,

58].

same time, for the channels without repulsion, such as
'D,, 3P, and ?DGj;, the phase shifts are described prop-
erly up to the resonance energies only. This behavior is
directly related to the decrease of inelasticities. Thus,
some refinement of the model is required if one needs to
move to the higher energy region. This could be done by
an inclusion of other possible inelastic processes, ac-
count for the dynamics in the internal channel, etc.

In summary, we have achieved a very good quantitat-
ive description for the partial phase shifts in the NN
channels considered and a rather good qualitative descrip-
tion for the inelasticity parameters in a broad energy
range starting from zero energy which is very far from
the position of the “bare” dibaryon. The very important
feature of the results presented above is good agreement
of the masses and widths of the dressed dibaryons ob-
tained by fitting the NN phase shifts and inelasticities in
our model with the dibaryon parameters deduced from
experiments.

The success of the model for the NN channels with
the known dibaryon resonances allows us to make a step
forward and extend the suggested model for partial chan-
nels, where the existence of dibaryon resonances is not
confirmed to date.

2. Partial NN channels for which dibaryon states have
not been found yet

Below, we discuss the uncoupled NN partial chan-
nels where the dibaryon resonances have not been reli-
ably detected to date. These are the isovector channel > P,
and three isoscalar channels 'P;, 3D, and 'F5 .

For some of the NN channels in question, indications
of possible resonances exist in the literature. In particular,
the 3P, resonance was found in the PWA [26, 27]. In
Ref. [16], we have constructed the dibaryon potential for

the 3P, channel [16], where the resonance with a posi-
tion rather close to those for the 3Py and 3P, channels has
been predicted. For the isoscalar NN channel ' Py, the es-
timations can be done [66] based on the resonance-like
behavior of the isoscalar part of the NN-induced single-
pion production near the NN*(1440) threshold [15, 65].
At the same time, we are not aware of any indications of
the dibaryon resonances in the channels D, and 'F3; .

The dibaryon model parameters used for fitting the
partial phase shifts in the above NN channels are collec-
ted in Table 4. Here, the values of the parameters M, and
ro for the channel 3P; happened to be rather close to
those for the channel P, (see Table 1), while for other
three (isoscalar) channels, they are comparable to the val-
ues for the 35 channel.

We have also fitted the inelasticity parameters for the
partial channels 3P; and 'P, . The internal state width
has been parameterized by Egs. (55) and (56). The re-
spective parameters are given in Table 5. We have not

Table 4. Dibaryon model parameters for the NN partial
channels 'P;, 3Py, 3D, and 'F3.

w4y, Ao/MeV ro/fm ur/MeV Moy/MeV
3P, 270 0.425 20 2230
'p 280 0.48 90 2320
3D, 120 0.5 165 2350
L, 120 0.51 70 2345
Table 5. Same as in Table 2 for the partial channels 3P, and
'Py.
25+, Io/MeV A/MeV INN Ir
3p, 50 200 0 0
Ip, 110 300 1 1
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considered the inelasticities in the *D, and !'F; partial
waves, since they are missing in the SAID PWA. For
these partial channels, the invariant mass of the reson-
ance can be definitely found, while the width cannot be
solely estimated from the fit of elastic phase shifts. At the
same time, the model potential for these channels has a
repulsive part. Thus, the decay widths of the internal
states contribute to the phase shifts in the narrow region
near the resonance position only.

The comparison of the calculated partial phase shifts
with the SAID PWA solutions for the above NN chan-
nels is shown in Fig. 6.

The inelasticity parameters for the P-wave channels
are presented in Fig. 7. A good agreement of our model
calculations with the PWA data is observed.

Our theoretical calculations within the dibaryon mod-
el predict two resonances in the NN partial channels *P,
and 'P; with the quantum numbers 7'(J¥)=1(1") and
0(17), respectively, and the following parameters:
M[h(Spl) = 223 GCV, Fth(3P1) = 005 GeV and
Mu('P) =233 GeV, Tn(*P)) = 0.13 GeV. We have also
predicted two more isoscalar states with the masses close
to 2.35 GeV in the NN channels 3D, and 'F3, however,
their widths could not be defined accurately.

From the results presented in Table 3 and this subsec-
tion, one may conclude that dibaryon states can be di-
vided into two groups according to their masses. The ma-
jority of the isovector states (except for the 'S, one) lie
near the NA threshold, while the masses of the isoscalar
states (and the 'S state as well) are close to the NN*
(1440) and AA thresholds. These findings should corres-
pond to the internal structure of the six-quark systems
with different isospins. It seems likely that such a dibary-
on |DB) can be represented as a mixed state of the six-
quark core and the hadron molecule (a loosely bound
N+ N* state), |DB) = cos6|6g) +sinfINN*), where 0 is the
mixing angle. Recently, such an approach has been suc-
cessfully used in the baryon sector for the description of
the Roper resonance represented as |R)=cos6,|3¢)+
sin6,|No) [95, 96]. The molecular No- component plays a
role for the understanding of both the helicity amplitudes
of the Roper resonance electroproduction and a large 2n
branching in this reaction. In the case of the DB, there is
a good probability that the hadronic molecular mode
NN*, when present, will be also seen in the pion electro-
production off the deuteron at large momentum transfer
or in the pion photoproduction near the NN* threshold".

VI. CONCLUSION

In this study, we presented the new QCD-motivated
approach to NN scattering at intermediate energies — the
dibaryon model, which includes the dibaryon resonance
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Fig. 6. (color online) Partial phase shifts for the NN chan-
nels 'Py, 3Py, 3D, and 'F; found within the dibaryon model
(solid curves) in comparison with the SAID PWA single-en-
ergy (circles) and energy-dependent SM16 (dash-dotted

curves) solutions [58].
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Fig. 7. (color online) Inelasticity parameters for the NN par-
tial channels 'P; and 3P; found within the dibaryon model
(solid curves) in comparison with the SAID PWA single-en-
ergy (circles) and energy-dependent SM16 (dash-dotted
curves) solutions [58].

formation at short NN distances supplemented by the
peripheral one-pion-exchange at long distances. This nov-
el approach implements the duality principle for NN scat-
tering (see, e.g., [10]), i.e., it replaces the t-channel multi-
meson exchanges in the traditional NN-potential models
by the s-channel mechanism corresponding to the ex-
change of the dibaryon resonance (the 6g bag dressed
with meson fields) between the interacting nucleons in
their overlap region. We argued that dibaryon resonances

1) The NN* mode should contain also the NNo (or dibaryon+to) component in the case when N* is the Roper resonance.
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can serve as a bridge between the traditional picture of
the NN interaction dealing with point-like nucleons and
mesons and the QCD world dealing with quarks and
gluons. Based on the microscopic six-quark considera-
tion of the NN system, we have shown that the dibaryon
degrees of freedom are appropriate to effectively take in-
to account the inner structure of the nucleons in the NN
scattering processes.

The purpose of this work was not to prove the exist-
ence of dibaryon resonances. Instead, we employed their
parameters deduced from analysis of the recent experi-
ments [4, 5] to build some alternative picture of the short-
range NN interaction. We have demonstrated that the
simple two-channel model including a single dibaryon
pole in the internal channel is able to describe reasonably
well the NN scattering phase shifts and inelasticity para-
meters in all basic (S, P, D, F) partial waves in a broad
energy range from zero up to 0.7-1.2 GeV using a few
adjustable parameters in each partial wave. One should
note in this respect that the high-precision NN potentials
based on the traditional meson-exchange picture as well
as the state-of-the-art NN potential derived within the
chiral perturbation theory describe very well the elastic
phase shifts up to 350 MeV and are not intended for re-
producing the inelasticities. Though we employed the
phenomenological determination of the model paramet-
ers in the present work, we have shown that these para-
meters can in principle be obtained from the six-quark
microscopic treatment for the NN system. An important
result of the present study is that the dibaryon resonance
parameters, found from our model fit to the phase shifts,
turned out to be in good agreement with the empirical
values.

Thus, we have found the direct connection between
the observable properties (masses, widths, decay modes)
of dibaryons detected to date and observables of NN
elastic and inelastic scattering. The next steps along this
way would be the calculations of the properties of few-
body systems, finite nuclei, and nuclear matter starting
from the NN and 3N interactions derived within the diba-
ryon model.

We have also predicted a few dibaryon resonances in
the partial waves, where they have not been found yet.
This result stimulates further experimental research of
NN observables at intermediate energies. Thus, the new
data on the sensitive spin-dependent observables could
help refine the current NN PWA solutions and reveal
new dibaryon states. Still the main information on dibary-
on resonances has been obtained from the inelastic pro-
cesses involving the two-nucleon system. The experi-
mental studies of photoproduction of mesons on the deu-
teron and deuteron photodisintegration recently under-
taken and planned at, e.g., MAMI [38, 39] and ELPH
[67—69] seem to be very promising in exploring the prop-
erties of the known dibaryons as well as in finding the

new ones. In view of the recent experimental progress in
the field, one can say that we stand at the beginning of
dibaryon spectroscopy.

The results of the present work support our claim that
the six-quark states are not just exotic hadrons like tetra-
or pentaquarks, but a regular mode in the fundamental
NN interaction carrying the basic intermediate-range at-
traction and also responsible for the short-range repul-
sion between nucleons. Thus, the dibaryon model can be
considered as a new QCD-motivated tool appropriate for
an effective treatment of the short-range nuclear force,
since it is free of some limitations of both quark and
meson-exchange models and therefore has a wider range
of applicability. These findings make further research of
dibaryon resonances very perspective. It would be also
interesting to study the connection between the s-channel
mechanism suggested in this work and the contact terms
used in the chiral perturbation theory.

APPENDIX A: PARAMETRIZATION OF THE
TRANSITION AMPLITUDE ON THE BASIS OF
THE DRESSED BAG MODEL

In the dressed bag model [8, 9], the transition from
the internal ( 6¢ + o~ ) channel to the external ( NN ) chan-
nel is described in terms of the RGM ansatz (8). In line
with Eq. (12), the transition matrix element can be writ-
ten as:

W Ma, k) — ((NNY2\ ARG |, k) = (INN}°[Ogla, k),
(A1)

where [NN]€ is an external NN state orthogonalized to
the 6¢ configuration s°[6]y (for a positive parity) or
s’ p[51]x (for a negative parity):

NN9) =T2[(N N}, (A2)

where
I—|¥o){¥yl|, for S wave,
ro- [Fo){(Pol (A3)
I-|¥)¥,|, for P wave,

and O, is some operator of the o-meson annihilation
(vertex B in Fig. 2). Note that the operator of antisymmet-
rization A = %(1 - Z; Zjﬂ P;;) is omitted in the r.h.s.
of Eq. (Al), since, by definition, both the s® and s’p
components of the dressed bag (i.e., the configurations
Wy and ¥, ) are antisymmetric under quark permutations
[see, e.g., Eq. (25)].

It is important that the projection operator I'?, defined
in Eq. (A3), may be represented in terms of the excited
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6q configurations s*p? or s°p?, i.e., in terms of the wave-
functions ¥ defined by Egs. (16), (18) or (22), (23), re-
spectively. All one has to do is to construct the cluster
3q+3q state with the quantum numbers of the NN chan-
nel on the basis of the shell-model wavefunctions ‘Pff) :

0NNy = > UNYD). (A4)

Here, QNV(r,{p¢&})) denotes the wavefunction of the
cluster ( 3g+3q ) state at short distances and UN" are the
fractional parentage coefficients (f.p.c.) [83—85] for sep-
aration of two nucleonic 3¢ clusters in the 6¢ configura-
tions ¥ . For example, the NN cluster state in the con-
figuration s*p? with ST =10 (the 3S; partial wave) looks

like:
|0YN. ST =10)=— 1/ S+ ‘/ \P<2)
VS w— | L@
36 18727

where the coefficients are from the first row of Table Al,
which lists the 6¢g — 3g+3¢ f.p.c.'s for the configuration
s*p?[42]x(ST=10) . The values of UN" are defined as the
amplitudes for the overlapping of the CST parts of the 6¢
and 3¢+3¢g wavefunctions:

(A5)

UNN(CST)=(N(C1S | TYN(C2S , )Y (CS T)),

where |[N(CST)) is given in Eq. (13) and I‘I’ff)(CS T)) can

Table Al. Baryon-baryon (B, B;) content of the 64 configur-
ation s*p?[42]x[filcsST=10 (i=0, 1, ... 5) represented by the
fp.c.'s UZ‘Bz. The notation U;([42]y) is used for the coeffi-
cients Ufl.‘ B2 which appear in Eqs. (A4)—(A7) for B{B,=NN.

Uxo([6]y Uni([42]%)
BiB\i  [2Ycs [42lcs  [321lcs  [2%1es [31%es  [21%1cs
0 2 3 4 5
N R N O
20 18
A (3 0 % 0 g
\ 35
CiCy 2 T 3 ll 4 0
? V10 45 8 K
N T
45 9
C>Cs |1 1 4 1 ki 0
5 3 9 180 18
4
GG N 0 0 = 0 _ /4
9 0 9

be taken from Eq. (16). A special advantage of using the
coefficients UNN(CST) is that they are independent of
dynamics and are calculated by the group theoretical
methods [83, 86].

With the cluster NN state defined by Eq. (A4), one
may represent the projection operator (A2) in the form

2 = 10N YO 1., (A6)

where dots symbolize terms of little importance at short
range. Then the transition matrix element (A1) takes the
form:

hex,in|a,’ k) :<{NN}Q|OAU.|C¥, k>

=(INNY D UNYD) Z U 10yl k),

(A7)

and thus, both the form factor Z/4(r) and vertex function
L,LS (k,E) introduced in Eq. (39) (see Sec. IV.A) obtain
a microscopic interpretation in terms of Eq. (A7):

Z,(r) = ZUNN< NN}s7 D), (A8)

Bu(k,E) =Y UNN(® 10, (k, E)la, k),
J

(A9)

After a partial-wave decomposition of the r.h.s. of
Egs. (A7)—(A9), the functions Z, and B, transform into
Z[{(r) and B] 1 1s(k,E), respectively, and Eq. (A7) be-
comes equlvalent to Eq. (39).

It is important that the quark model restricts the form
of the overlap functions ({NN}|‘PS)) in the r.h.s. of Eq.
(A8), as is seen from the comparison of these functions
with those defined in Egs. (27) and (31). For example,
keeping in mind that at n = 2(3) the values of LS T should
be fixed at L= 0(1), ST = 10,01(11,00), one obtains the
following expression for the partial wave decomposition
of the form factor (A8):

ZM) = ZU%N{ | Y'L*(f)dQA{NN}STle%}

r? 372
Nn(l bz)exp( 4b2),n=2,
= (A10)

r? 372
Nnr( bz)exp( 4b2)’n =3,

where the normalization factors N,,n=2,3 should take

JM

114106-21



V.I. Kukulin, V.N. Pomerantsev, O.A. Rubtsova ef al.

Chin. Phys. C 46, 114106 (2022)

into account the contributions of both the coefficients
UM and the overlap integrals over the inner nucleonic
coordinates {p&} . Note that the integration over Q, in Eq.
(A10) is formal here, since the value of L is already fixed
by the given value of n.

The quark model also restricts the form of the vertex
functions BLLS(k) . As is evident from Eq. (A9), the
functions B,(k,E) should be proportional to the shell-
model matrix elements (‘I’flj)lég(k, E)Y¥,,),m=0,1, where
¥,, means the 6g component of the dressed bag state
|, k) [8, 9]. The corresponding wavefunctions are given
in Egs. (14)—(15) (for a positive parity) and (20)—(21) (for
a negative parity). The partial wave decomposition of
B,(k,E) is analogues to Eq. (A10), corrected for the sub-
stitution of (W04 (k, E)|W,,) for ((NN}s7|¥?) (see Ap-
pendix B for the calculation of the shell-model matrix
element (¥Y|0,(k, E)|¥,,) ).

APPENDIX B: QUARK-MODEL CALCULATION
OF THE TRANSITION AMPLITUDE

The vertex functions BL 1s(k,E) determining the
transition from the external NN to the internal (6g+ o)
channel were calculated in Refs. [8, 9] for the lowest
even partial waves (L = 0,2), assuming the emission of
the s-wave ¢ meson (L,=0) from the initial |s*p?[42]x)
six-quark state. The calculations were performed within
the framework of TISM including all 64 configurations
with 0 7w, 1 hiw and 2 fiw excitations, subsequently de-
noted as dy, d;(d}) and d, . For this, the two-pion emis-
sion amplitude in the transition from the orthogonalized
[in a sense of Eq. (45)] NN state to the dressed 64 bag
dp + o (2n) was calculated. The graph illustrating this pro-
cess is shown in Fig. B1.

The transition goes in two steps via intermediate 6g
states &/ (d}’) :

[NN1€ - d|(d})+r — do + o (2) (B1)

(for the even partial waves L = 0, 2 in the initial NN
state). The final 64 state in Fig. B1 is the most symmet-
ric (and compact) shell-model quark configuration
dy = s°[6]x . The intermediate six-quark states d; (d}) de-
noted by the vertical dashed line in the graph belong to
the configurations s°p[51]x[flcs(ST) and have the fol-
lowing quantum numbers: dj(ST=10,J"=0") for the
singlet NN channel’ and d/(ST=01,J°=17) for the
triplet channel.

Here we briefly outline the scheme for calculating the
amplitude (B1) with the successive emission of two pi-
ons shown in Fig. B1. The amplitude can be represented

1) These are the quantum numbers of the so-called d” dibaryon [38]

________ o®) .
N /
s
s
s
s
s
s
G 1 p
N d(@d”) (+0)
1=0(T) =0(T) =01
ST=01(10) ST=10(01)  ST=01(10)
L=0,2 L=1 L=0
Fig. Bl. The transition from the NN to the dressed bag

channel via two sequential pion emissions from two p-shell
quarks.

Fig. B2. Triangle diagram corresponding to the o-meson
formation from two pions in the transition of two p-shell
quarks to the s orbit (ks and k¢ are the momenta of the 5-th
and 6-th quarks in the diagram of Fig. B1).

in a simplified form as a triangular diagram that does not
explicitly contain the quark lines (see Fig. B2).

As can be seen from these diagrams, to calculate the
respective amplitude, it is necessary to determine three
vertices (4, B and C) and carry out the integration over
the momenta ks and kg of the intermediate pions emitted
by the 5-th and 6-th quarks. The initial six-quark NN
state is written in a form of the RGM ansatz (8) and de-
composed into the basis of the TISM 64 configurations
with two quanta of excitation (see Appendix A for detail).
This decomposition includes configurations s*p?, s72s,
and s°d .

At the vertex A, a transition occurs from these initial
configurations to an intermediate state s>p with the emis-
sion of a pion by one of the p-shell quarks:
s*p?(s°2s or s°d) — s>p+m . At the vertex B, the p-shell
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quark of the s p configuration passes into the s-state with
the emission of a second pion: s°p — s®+x . The pion
creation amplitudes in these vertices were calculated
within the framework of the well-known quark-pair-cre-
ation model [97—99] with using the TISM matrix ele-
ments for the 64 transitions.

The n+nm — o transition amplitude (the vertex C in
Fig. B2) is to be proportional to the overlap of the two-pi-
on and the o-meson wavefunctions [100]:

(n(k)T(K ) Hor| ) = frnor Frnor (%),
F(x?) =exp(—%%2b§), (B2)

1 . ..
where x = E(k_ k') and b, is a characteristic scale of the

o meson in the 7z channel.
In the calculations, the shell-model quark representa-
tions for the pion and the ¢ meson were used [73]:

Iny =|s5[2]xLS T = 001 T, = A JP=07),
o) =Is*52[4]x, LS T = 000,J° = 0%), (B3)

with the Gaussian wavefunctions, e.g., Y.(o.)~
exp(—p2/4b2), pa(ij) = ri—r;, where by is the “quark radi-
us” of the pion ( ~ 0.5 b= 0.3 fm).

When calculating the triangle diagram, three possible

temporal orderings of the vertices were taken into ac-
count: ABC, ACB, CBA . As a result of integration over
the inner pion momentum, the explicit expressions for the
vertex functions B{a 15 (k, E) were obtained [8, 9]:

Bf 15k E)=g[ 1§D} 15k E). (B4)

Here the factor gi 1s can be considered as an effective

2
nqq 8onn

m: mZb? Ls
defined in [9] at L, = 0 . The standard coupling constants
were used for the 7gq and onnm vertices: frgq = 3/5fann
and gonr~ 2—4 GeV/c, while the parameters CZS were
calculated by the f.p.c. technique. The vertex functions
DéLS (k,E) are rather cumbersome expressions that in-
clude the integration over the inner momenta of the dia-
gram in Fig. B2. We do not present these vertex func-
tions here, since the definition of the effective potential
w(E) for the external channel includes only their convolu-
tions with the meson propagator, which determine the en-
ergy-dependent coupling constants A7, (E) (42). To ap-
proximately reproduce the energy dependence of the con-
stants /liL,(E) derived from the microscopic calculation,
the Pade approximant [1, 1] was used in Refs. [8, 9] and
in subsequent applications of the dibaryon model.

coupling constant with the value g ¢ =
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