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We analyze the two-nucleon system below the pion threshold, using a chiral quark cluster model. We solve
multichannel resonating group method equations in momentum space, treating them as a set of Lippmann-
Schwinger equations. Deuteron data and scattering phase shifts up to a total angular mode6tuare
presented. Full couplings tNA and AA channels are considered and analyzed. High angular momentum
partial waves [(>2) provide a detailed test of chiral symmetry in the two-nucleon sysiemaves still show
important short-range effects. Low angular momentum partial waves and deuteron observables are in good
agreement with the experimental data, showing that the underlying quark structure provides the required
short-range potential behavior.

PACS numbes): 13.75.Cs, 12.39.Jh, 24.85p

[. INTRODUCTION the two-nucleon problem. These authors calculate the one

and two-pionN N potential, and use more than 20 parameters

The understanding of the interaction between two nuclet0 generate the short-range potential by means of contact
ons remains a fundamental problem in nuclear physicsierms. A good fit is obtained for the deuteron and for low
There is no doubt that explicit quark degrees of freedom ar@2'tial waves below the pion threshold, but the large number

required in order to describe deep-inelastic scattering at higmggg{gﬂege%ﬁ%“reé tZFb;OJ?nOT'@CgéaI ;Xénmgltgr']’;}tjl‘]b
momentum transfer; however, it is still unclear how the ' Y, =P ' X

: . . _have been able to reproduce the deuteron propertiedahd
nuclear forces arise from the fundamental quark mteractlon%hase shifts by means of a chiral nucleon-nucleon potential
This difficulty is due to the non-Abelian character of QCD, including one and two-pion exchangésp to the next-to- ’

which implies that the gauge bosofgluons carry a color  next-to-leading ordérand contact interactions parametrized
charge and can couple to one another. On one hand, thegeterms of only nine parameters.

nonlinear couplings lead to asymptotic freedom which al- A possible way of avoiding the introduction of a large
lows to carry out meaningful perturbative calculations atnumber of parameters in these models is that of abandoning
high energies. On the other hand, the quark-quark force bed complete description of tH¢N observables, and exploring
comes extremely strong in the low-energy regiftre realm  only those regions which are governed by chiral symmetry
of nuclear physids and this makes the calculations very @lone. This approach has been pursued by Kaiser, Brock-
hard and has prevented thus far any direct solution of thd@nn, and Weis¢5], who calculateNN phase shifts with
QCD equations. For this reason, the most accurate descri rbital angular momenturh=>2 using an effective chiral

; . : agrangian and a minimal set of parameters. An alternative
tions of theNN scattering data and deuteron properties hav%va?/ is Srovided by the chiral quarlfcluster modeO) [6].

been done in terms of multiboson exchanges at the baryofihe starting point of this approach is the realization that, at
level, in the framework of old-fashioned perturbation theory|qy energies, the relevant degrees of freedom are not the
(i.e., the Bonn potentidll]). Although the agreement with current quarks of the QCD Lagrangian, but, rather, the con-
experiment is impressively good, the justification of suchstituent quarks. Constituent quark mass and chiral symmetry
approaches in terms of QCD remains unclear. are closely related concepts. If one assumes that the chiral
During the last decade, there has been an effort to undesymmetry is spontaneously broken at an energy scale higher
stand theN N force in a more fundamental way, based on thethan the confinement scale, quarks acquire the constituent
symmetries of QCD. Although we are largely ignorant of themasses at energies in between these two scales. Then, bary-
nonperturbative dynamics of QCD at low energies, we knowons are described as clusters of three confined constituent
that an approximate chiral symmetry exists, which is brokemuarks, interacting through gluons and through the elemen-
by the vacuum. The spontaneous breakdown of a symmetmary Goldstone bosons of the spontaneously broken symme-
translates into the appearance of massless modes, the Gotels. Minimal chiral symmetry is realized by means of two
stone bosons. However, since chiral symmetry is only apfields corresponding to the exchange of a pseudoscalar and a
proximate, we expect the associated Goldstone bdsen  scalar Goldstone boson.
the pion to have a small but finite mass. As a consequence, This model not only reduces the number of parameters,
QCD could be described in terms of an effective chiral La-but also has several advantages concerning the description of
grangian(with the Goldstone pions and the nucleons as thehe baryon-baryon potential. Chiefly, by keeping the funda-
relevant degrees of freedopsimilar to the effective chiral mental interactions at the quark level, it is possible to take
Lagrangian for nuclear forces proposed by Weink@ig full advantage of the quark antisymmetry, which provides a
A low-energy chiral Lagrangian of this type, providing a mechanism to generate the short-raigll repulsion[7].
nonlinear realization of the SU(2X SU(2)r chiral symme-  This is an important difference with respect to those poten-
try, has been used by Orden Ray, and van Kolck3] for tials where the short-range part is produced by fitting contact
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terms. Quark antisymmetry allows us to predict the shortpendent rotations of the left and right-handed quark fields:
range behavior of less known systerike N—A or A the chiral symmetry. If this symmetry were exact, one would
—A) in a completely parameter-free way. By contrast, theobserve chiral multiplets similar to those relating to the al-
fitted short-rangéNN potentials do not permit such immedi- most exact invariance of strong interactions under isospin
ate generalizations. Besides, the use of quark antisymmetpptations (e.g., the doublepp—n and the triplets™ — 7°
provides a method for treating the nucleon and its resonances —). However, splittings between chiral partners are huge.
A, N*, ..., in asingle framework, without having to in- For example, the splitting between the vegicand the axial
crease the number of parameters. Finally, this approacgl mesons is about 500 Me2/3 of thep mas$ and the
opens the door to a consistent dgscrlpthn of the baryor§plitting between the nucleon and its chiral partner is even
structur((aj and r?f tlhe _t:ja_ryon-baryon gt?ragtlgn. | larger(939—-1535%. These splittings are indeed too large to be
de:iB\iasdea gﬂefrlﬁqll?;rlk ihr]tsetgrgt?gnr?nothee’ (Ig:g“DaszcﬁL?né[G\}vhic explained by the small current quark masses, which break
h X o ! rEhiral symmetry from the very beginning. The only conclu-
as been applied to the description of tNé scattering : d ; . :
iion one can draw from these data is that the chiral symmetry

properties of the deuteron. The calculations were done usin f QCD is spontaneously broken starting at a certain scale

the resonating group methd®GM) in configuration space “*xSB-
below the pion threshold, and including the coupling of the SOMe years ago, Shury4R] proposed a QCD vacuum

5DNA channel to thé'SYN partial wave. This tensor coupling model that explains in' a simple and elegant way the sponta-
is very similar to the®D¥N— 35\ in the deuteron case, and N€0US breaking of chiral symmetry. This model, developed

generates the additional attraction needed to reproduce tH&ter on by Diakonowt al.[10], suggests that the QCD par-
experimental datés]. tition function is dominated by fluctuations of the gluonic

With this paper, we undertake a description of the tWO_fieIdlof instanton type, with quantum osciIIatic_Jns aroun(_:i it..
nucleon problem in momentum space below and above th# this sense, the QCD vacuum is seen as an instanton liquid,
pion threshold, based on the CQC model. If one wants to g@lus small quantum fluctuations of the gluonic field. This
above pion threshold, then it is more convenient to work insuggestion was recently tested by calculations on the lattice,
momentum space, for several reasons. First of all, the calcishowing that a decrease of the gluonic field fluctuations
lation in coordinate spadevhich gives accurate results up to (called acooling process leaves as the only surviving con-
300 MeV of laboratory energyis hardly applied at higher figurations those of instanton and anti-instanton tiH.
energies, due to the rapid oscillation of the relative wave When light quarks are put into the instanton vacuum, they
function. Besides, the multichannel calculations includingdevelop a momentum-dependent dynamical mass which can
nucleon resonances are quite naturally done in momentume identified with the constituent mass. This dynamical mass
space, due to the parametrization of the resonance widths.preaks the chiral symmetry and, according to the Goldstone

In the present work, we will formulate the momentum theorem, an interaction between quarks appears. Starting

space RGM calculation, introducing an alternative methogrom these ideas, Diakonov has deduced an effective parti-
for the solution of the coupled RGM equations, here treatedjon function of the form{12]

as a set of coupled Lippmann-Schwinger equations. After a

detailed description of the technical aspects, the method will

be tested by studying scattering and bound-state problems of z:f DWAJ Dyt D exp[ f d*x ¢ (x)

the NN system below the pion threshold. We will pay special

attention to high angular momentum partial wavés=@3), oL

never studied within the model. The deuteron and low angu- X[iy*d,+iMe! s ¥/lx] lﬂ(X)] (1)

lar momentum partial waved &2) are also studied, empha-

sizing the effect of the full coupling tNNA andA A channels. f

In a future work, we plan to extend our calculations to above

the pion threshold. o .
The paper is organized as follows. In the next section, we L= iy d,—M(g?)e'rs™ )y, 2

review the main aspects of the chiral quark cluster model.

Section lll Is devotgd o the formulathn of RGM In momen- whereyt is the quark spinor is the color indexf andg are

tum space and to its numerical solution. An estimate of th

del i | T in Sec. IV. In Sec. V/ lavor indices, andM(g?) is the dynamical mass of the
Model parameler values 1S given In Sec. 1V. In Sec. V, Wequarks. Based on this Lagrangian, different models for the

study the two-nucleon bound-state problem, i.e., the deu- :
teron. A detailed analysis of the influencef&A channels in nucleon have been developed. For example, Diakanal,

I X X . 3] describe the nucleon as a soliton solution, giving rise to
the deuteron properties is performed. Section VI is dedicate e chiral quark soliton modelA similar approach can be
to the study of the\N phase shifts for low and high angular found in Manohar and GeorgL4]
momentum partial waves. Finally, in Sec. VIl we provide a '

summary of the main results of our work.

rom which an effective quark Lagrangian can be obtained

Although attractive from the theoretical point of view,
chiral solitons are complicated to adopt for the derivation of
the baryon-baryon interaction. For this reason, we will use
here a simpler approach for the description of baryons and

The QCD Lagrangian with massless quarksNgrflavors ~ baryon-baryon interactions. Starting from the Hamiltonian
possesses a global symmetry under B SU(N;) inde-  originating from Eq.(2),

Il. THE CHIRAL QUARK CLUSTER MODEL
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— M (g2 e 757 Hfmye 3 _If.we also introduce the QCD perturba’give effects, which
Hen (@) ¢ i @ mimic the gluon fluctuations around the instanton vacuum,
the one-gluon exchang®GE) potential arises and can be

and with the philosophy of the linear sigma model, expressed agl6],

7= ¢f . sin(¢/f ),

- 1 1 . .
Vﬁ’GE<q>:( 7 (N hamag

3
o="f [cog plf,)—1], (4) 2m)
: . . _ 1 1 2 . .
one takes into account that the first term in the exponential X\ ——| 1+ §(a'i-0'j)
series of Eq.(3) produces the quark constituent mass, and q°  4my

obtains the interacting Hamiltonian:

1 . 2 N
- L. —Z—Z[Q®Q]Z'[Ui®0,’]2}, (10
Hen~0enF (@) (o +iysT )i, (5) 4mg q

wheregen=mg/f ,, F(g?)=M(q?/M(0), andmg=M(0). where the?\’s_are the color Gell-Mann matrices ang is the
Hence, a scalar and a pseudoscalar field arise as a congérong-coupling constant.

quence of the chiral symmetry breaking. HeFgg?) is an The other QCD nonperturbative effect corresponds to
unknown function which suppresses the chiral fields in theconfinement, and takes into account that the only observed
energy region where chiral symmetry is exact. It will be hadrons are color singlets. It is phenomenologically intro-

approximated by duced as a harmonic oscillator potential or as a Iingarapoten-
tial. Confinement influences the spectrum, but Xs \;
AZSB 172 structure prevents contributions to the baryon-baryon inter-
F(@D)=| 5| . (6)  action[17].
Alsstd It is worth noticing that the scalar and the one-gluon ex-

change interactions contain spin-orbit terms. In R&§], it
where, as stated abova, sg determines the scale at which was shown that, while these terms provide an important part
chiral symmetry is broken, and its value ranges between 606f the spin-orbit force between nucleons, they are not enough
MeV and 1 GeV. to explain the experimentally observed effects. The situation
Hence, it is straightforward to write the nonrelativistic of the spin-orbit force in quark-model potentials is still quite
potentials generated in the static approximation in the folcontroversial[19], mainly due to our ignorance of the con-

lowing way: finement mechanism. Contributions which are usually ne-
glected(antisymmetric spin-orbit terms, Thomas precession
2 2 N A terms, etg. are even more important than those considered.
Ps, > 1 Yen A)(SB (O-I q)(UJ q) > = . . .
Vi Q)= - 32 5 > > (71 79), Therefore, as not to obscure the discussion, we will postpone
(2m)° 4mg Afsgtd®  Mpgstq the study of this particular aspect of the interaction to a fu-
y p p

(7)  ture work.
As we will use RGM to study thé&IN problem, we will

2 A2 1 make the usual ansatz for the radial wave function of the
s = Yen xSB
Vi (q)=— 32 > 7 3 (8)  quarks,
(2m)” Aisptd” mstq
3 3/4
> - 1 —r2/2b2
whereq is the three-momentum transfer, thés (7's) are z/x(ri)=H —| e, (11
the spin(isospin Pauli matrices, andh,, mps, andmg are i=1|mb

the masses of the quark, pseudoscalar, and scalar bosons, ) o

respectively. The potentials refer to momentum states no€0 that the size of the baryon is fixed byOne could argue

malized to 1. that, once a quark-quark potential has been determined, the
Itis well established that the N interaction at long-range duark wave function of the three-quark clustemmryons

is governed by pseudoscalar exchanges, namely the one-pigAoUld be obtained by solution of the Sctiirger equation.

exchange(OPB interaction. Therefore, if one wants to re- 1hiS process was carried out in R¢20], but the obtained

produce accurately this piece of theN interaction, one is Wave functions are rather complicated for application to the

forced to identify the mass of the pseudoscalar field with the@lculation of the RGM kernels. However, in the same work

physical pion mass. The mass of the scalar field is obtainet?0): it was also shown that tHeN potential obtained in the
by the chiral relatiorf15] Born-Oppenheimer approach with these wave functions is

very similar to the one obtained with Gaussian wave func-

m2 .= m? tions for a certain value of the parameterThis legitimizes
pS— the Gaussian approach for low-enefgiN scattering.
b ) The wave function in momentum space corresponds to the
ms=mpgt4mg. €) Fourier transform of Eq(11),
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_ 3 [p2)3e - 1
pp)=11 [—} e PP, (12 e —
i=1[ T BB, /2(1+5BB)
The baryon total wave function must include the spin, iso- X [iaog) (= 1wt 1S STt T Tyl 81E)
spin, and color degrees of freedom, and will be denoted by 15
I 2p2]%4 3b2]¥ ) L+ x=odd. (16)
N —(3b%/4)
¢B(p§1:p§2)_{ = e 1[ pé

(13  We will call symmetric the combination wite even, and
antisymmetric that ofu odd. Thus, the antisymmetrizer re-
- . . . duces to4=(1—9P3g).

where qSB(pgl,pgz) takes into account the internal spatial We also need ?o introduce the Sctimger equation
baryon degrees of freedom and is obtained from &8 by  which governs the dynamics of the system. We write it as a
removing the center-of-mass wave function. Algg,labels  projection equation
the totally symmetric spin-isospin wave function coupled to
the quantum numbers of the bary@) and ¢[13%] is the H—E —0=(SU|(H—E -0 1
color singlet wave function. Built this wayyg is totally ( oY) Gl nly)=o0. @

antisymmetric in quark exchanges.
y q 9 where

ll. THE RESONATING GROUP METHOD FOR THE N g2
TWO-BARYON SYSTEM IN MOMENTUM SPACE z 2_ +2 Vii—Tem (18)
2 2 m.

In order to formulate RGM for th&,B, system, we first
need to determine the two-baryon wave function. Start'nq/wth T
frombthe one- bar);on wave funkc'uon %'Ve?] by Eg13) the interaction described in the previous section, amgis the
two-baryon wave unctlon_ls taken to. e the prodygt g, constituent quark mass.
coupled to the corresponding baryonic quantum numbers and |n Eq. (17), the variations are performed on the unknown
multiplied by a wave function which takes into account the o a4ive wave functiony(B). In order to take it outside the
re_Iat|ve motion of the two baryons, here c_ienoteanE’). antisymmetrizer, we introduce a continuous paraméter
Since the baryons are made up by fermidgsarks, the
system should be in a totally antisymmetric state; therefore

c.m. being the center-of-mass kinetic enerly; is the

the two-baryon wave function is finally written as <5§A5§B'3'30-m-| ¢>:f Al pa( 5§A)¢B(5§B)53(|3_ P)]
Us,8,= ALX(P) Y5, X x(P))dP;, (19
:A[¢Bl(5§81) b ,( 5§BZ)X(P X5.8,Ed 2°11. where we have only considered the spatial degrees of free-
(14) dom in order to simplify the equations. Putting coordinates

into the projection equation, we proceed as in Hef2]
(changing the radial coordinakinto the momentun®, and
Here, A is the antisymmetrizer of the six-quark system,keeping in mind that some operators are not diagonal in mo-
b (pg ) is the internal spatial wave function defined in Eq. mentum spacein order to integrate out all the internal de-
ar grees of freedom of the clusters. Hence, we write the pro-
(13), XB.B denotes the spin-isospin wave function of bary- jected Schrdinger equation for the relative wave function as
onsB; and82 coupled to a total spin-isospin ST, asd 2%] follows:
is the product of the two color singlets.

As the one-baryon wave functions are already antisymme- B2
trized, the antisymmetrizer may be written a$=3(1 (——E
—P)(1-9P3¢), where P is the operator that exchanges 2u
quarks 3 and 6 between the two clusters, aRd

=P14P,sP36 is the operator that exchanges all the quarks
between the two baryons. The operaiql— P) fixes the
symmetry . of the wave function at the baryonic level. It WhereE=Er—E,—Eg is the relative energy of the clusters,
was shown in Ref[21] that this operator is properly taken and ReMv(P’,P;) and RCMK(P’,P,) are the direct poten-
into account by writing the wave function as tial and the exchange kernel, respectively given by,

x(ﬁ'>+f (REMVL(P',P))

+ REMK (B’ P;))x(P;)dP;=0, (20)
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. - .- .- - the same baryon, which relate to the total energy of the sys-
Vo(P'.P)= > f Pa(Pey) e (Per)Vig (P, PY) tem E and to the relative energy between clustérs
teAeB We solve the coupled-channel Lippmann-Schwinger
- - codo.do. do equation using the matrix-inversion method proposed in Ref.
: ¢A(p§A)¢B(p§B)dp§Ad prd p‘fAd Peg [24], generalized in order to include channels with different
(21)  thresholds. Once thE matrix is calculated, we determine the
on-shell part, which is directly related to the scattering ma-
and trix. The relationship depends on the type of kinematics be-
ing used and, in the case of nonrelativistic kinematics,

(22 S¥' =1— 27 iy Kk T (E+i0% K, k,) (26)
with k,, defined by

REMK(P',P;)= RCMH(P',P;)— Ey REMNg(P',P))
with

RGMHE(IS',ISi):—gf dpg; dpg; dpg, dpg, dP K2=2u,(E-AM,), 27)

X % (e ) bE (Per) so that, for channels above the threshéifi> 0.
AlPe) @B (Pe If inelastic channels are not considered, the scattering ma-
- - IO trix must be unitary. Therefore, if there is only one channel
XHPzd ¢A(p§A)¢B(p§B)b\3(P_ Pi)]. above the threshold, the scattering matrix is directly param-
(23) etrized in terms of the phase shift. In the case of two coupled
channels, the parametrization is not unique and we will use
A similar expression can be found for the normalization ex-that of Stappet al. [25].
change kernel, replacing with the identity operator. The For bound states, the integral equations do not have poles
calculation of these kernels is detailed in the Appendix.and the problem is simplified. Using the same discretization
Equation (20) is readily generalized to a coupled-channelmethod as in the Lippmann-Schwinger equation problem, the
equation, starting from a sum of wave functions of the typeSchralinger equation can be written in the form
of Eq. (14) for the different baryon channels considered.
The RGM equations have usually been solved by means NS AN ES T —
of a variational method developed by Kamim{igs8]. With 2 [Ei(p) & +Vij— B 14, =0, (28)
this method, the relative wave function is expanded in a
Gaussian basis, so that the integrodifferential equations rewherei andj label the discretization of the integral and the
duce to a matricial set of equations in the coefficients of thequantum numbers of the different channels included in the
expansion. We here formulate an alternative method for thealculation, andy; is the value of the wave function in the
solution of coupled-channel RGM equations, deriving fromchannel and momentum corresponding to the index
Eq. (20) a set of coupled Lippmann-Schwinger equations of In general, the matrix element§; do not depend on en-
the form ergy and it is sufficient to solve E@28) as an eigenvalue
problem, with the negative solutions corresponding to the
energies of the bound states. In the case of the RGM method,
the matrix element¥;; depend ork through the dependence
of the exchange kernels. For this reason, we should first fix
the zeros of the Freedholm determinant by solving

Ti'(z;p’,p)=VZ'(p’,p)+2 f dp’p"2Ve,(p’,p")

1 "
X————=T5 (;p".p), (24)

2= Ew(p?) |Ei(pi) 6ij+Vij—Ed;|=0 (29)

where o labels the group of quantum numbedsB,JLST i the zeros being the energies of the bound states. Once
which defines a certain partial wave, (p,’p) is the pro-  we know these energies, E@8) is solved for each value,
jected potential that contains the direct potential and theind the wave function of the bound state is the eigenvector
RGM exchange kernels, arid,.(p") is the energy corre- corresponding to the eigenvalue that coincides with the bind-
sponding to a momentu’, written as(in the nonrelativis-  ing energy.
tic case:

) IV. MODEL PARAMETERS

Ea(p)=22 +AM,. (25

A rough estimate of the values of the model parameters
can be done based on the following arguments. As the pseu-
Here, u, is the reduced mass of th®,B, system corre- doscalar field is identified at long-range with the pion, the
sponding to the channet, andAM, is the difference be- g., coupling constant should reproduce in an accurate way
tween the threshold of thB,B, system and the one we take the long-range interaction given by the OPE. If the two
as a reference, thdN system. The mass differendeM , is  nucleons are separated enough, the central part of the pseu-
obtained from the interaction terms for quarks belonging todoscalar interaction between quarks given by &g.gener-

a
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TABLE I. Model parameters. which is mainly due to the pion interaction. In order to fix
the value ofA sg, one needs to examine a process domi-
b(fm) 0.518 nated by the pion tensor term. Such a reaction may be the
my(MeV) 313 pp—nA*" because, at high momenta, more than 90% of

the interaction corresponds to the pion tensor part. The cal-

A gp(fm™t 4.2997 :
ool m,l) culation of Ref.[27] suggests a value close to 4.2 finfor
Mpg(fm™) 0.7
g2 6.6608 Axse:
ch 0'4977 The value ofag is estimated by means of tie— A mass
s 1 : difference, which has been traditionally explained in terms of
mg(fm ™Y 3.513

the OGE. In the model presented here, however, there are

contributions not only from OGE, but also from the pseudo-

scalar piece of the interaction, the latter contributing approxi-

mately half of the total mass difference. The rest is attributed

2 to the OGE, and the value af; is adjusted to reproduce the

_) (5N.5N)(;N.;N)' experimentaN— A mass difference.

3 The values of the parameters are finally fine tuned in or-
(30 der to reproduce the binding energy of the deuteron in pres-

ence of the coupling td A channels. The parameters used in

wherep(q) is the quark density Fourier transform of eachthe present calculations are quoted in Table .

nucleon normalized tgp(q=0)=1. Comparing with the

standard OPE Yukawa potential,

ates an interaction between nucleons of the form

gch efm,,,r
2p( )7
34m T 4m r

VPS(r)_

2 o V. BOUND-STATE PROBLEM: THE DEUTERON

1 7NN e = - > >

34 T(O'N'O'N)(TN'TN) (3D Traditionally, the deuteron has been understood d§ a
=17 two-nucleon system, thus corresponding to an isospin

Ve =

Lo~ 202 , . singlet in even partial wavese., S, and ®D,). However, it
and usingp(q) =e > ™, one finally obtains could also be described as a linear combination of pairs of
92 242 4m baryonic resonances, provided the resonances have the same
Jeh_ _> 7NN ~b?m? #3. (32) isospin to ensure that the total isospin is zero. The presence
4w \5] 4w mw of color through the quark model in the hadron dynamics

adds the possibility of new exotic components, such as the

This gives the chiral coupling constaggy, in terms of the  hidden color states. They correspond to two color octets
7NN coupling constant, taken to UéNN/4w=O.O749[26]. coupled to a singlet. In some works, their contribution to the

As previously mentioned, the paramelbedetermines the deuteron wave function was estimated and found to be as
size of the nucleon quark content, and should not be conlarge as 5%[28], i.e., the same order of magnitude of the
fused with the nucleon charge radius. Usual values rangdeuteronD component. However, it is possible to demon-
between 0.4 and 0.6 fm, and we will here tdke 0.518 fm.  strate[29] that anyhidden colorstate can always be ex-
This value was obtained by comparing the Born-pressed as a linear combination of physical states given by
OppenheimerNN potential (calculated from the wave- Eqg. (13).
function solution of the bound-state problem for the Hamil-  Since the deuteron is the only bound two-nucleon system,
tonian described in Sec.)lto the NN potential calculated there has been much experimental and theoretical work con-
with a single Gaussian of parameter cerning the presence of other components, mainly isobars, in

A, sg controls the pion-gluon proportion in the model and, addition to the two nucleons. We will assume that the
as a consequence, it controls the strength of the tensor forcéeuteron can be described as configurations of two clusters

TABLE II. Probability of the different deuteron components. The symkoindicates that the partial
wave is not included in the calculation. In calculation 8, a multiplicative factor in the scalar potential is
introduced as explained in the text.

3N (%) DN (%) St (%) Dt () DYt (%) TGRA (%) Ep(Mev)

1 95.1989 4.5606 0.1064 0.0035 0.1243 0.0063 —2.2246
2 96.3966 3.6034 X X X X —1.0234
3 96.0860 3.8340 0.0800 X X X —-1.2114
4 96.3828 3.6156 X 0.0029 X X —1.0356
5 95.6593 4.2332 X X 0.1075 X —1.8353
6 96.2854 3.7104 X X X 0.0042 —1.0685
7 95.3295 4.4451 0.1034 X 0.1219 X —2.1327
8 95.3780 4.6220 X X X X —2.2246
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TABLE llI. Probability for the AA components in the deuteron 0.012
compared to baryonic models: Arented [33] and Dymarz and

Khanna[34]. i 3 S 1 (NN)

% cQc Ref[33] Ref.[34] (w/s)

sgpa 0.1064 0.1700 0.340/0.13 0.008 —

3paa 0.0035 0.0500 0.040/0.03
DA 0.1243 0.5100 0.100/0.38
e 0.0063 0.0500 0.005/0.02
Total 0.2405 0.7800 0.485/0.56

n(k) [(MeV/c)y 1]

0.004 —

of three quarks. In order of increasing mass, the possible
combinations are N(939)N(939), N(939)N*(1440),
A(1232)A(1232), andN(939)N* (1650). From the energy
point of view, the most important corrections to the deuteron 0.000 — —_—
NN wave _functlo_n should come from tHé(939)N* (1440) 0 100 200 300 400 500
configuration, being the one with the next lowest mass. Rost k (MeV/c)

[30] obtained a 0.16% probability for this configuration.

However, the uncertainties associated with the coupling con- FIG. 1. Probability densityn(k)=k?¥(k)|? in momentum
stants of the transition potential make this number not vergpace for the’S)'™ deuteron component. The solid line represents
significant. Glozmaret al.[31] have calculated the spectro- the full calculation includingAA channels. Dashed line corre-
scopic factors of the different configurations for the deuterorsponds to calculation 8 in Table II.

wave function corresponding to the Paris potential. Their es-

timate for the spectroscopic factor of thig 939)N* (1440) portant,.due to their strong tensor couplings. This is i'n agree-
configuration isS},,. <10~3. But, for the next mass configu- Ment with the results of baryonic mode83,34. Besides,
ration, A(1232)A(1232) with a mass of only about 60 MeV the tota] probgblllty forAA components in t.he deuteran IS
higher, the estimated factor w$A~5><10‘2, predicting compatible with the experimental limits given by Allasia

this effect as more important than theé 939)N* (1440). et al.[32]. This is not the case for baryonic models. Thus, for

Taking into account that there are no experimental data Ore]xample, Arentres [33] carried out a coupled-channel cal-

e NSRON'(1440) conburalo [urress, for e pueion U5 o TN 8 vanstn poeni, o
A(1232)A(1232) configuration, Allasieet al. [32] estab- : P ges, P
lished a significant upper limit of about 0.4%we will carry tential _f_o_r the rest. Table ”I. ShOW.S that, -although the
out a coupled-channel calculation includihq939)N(939) probabilities have the same distributions as ours, the total
. : probability is three times larger than the one we obtained in
andA (1232)A(1232) components for partial waves ;N'th e 5ur model. A similar comment could be made about the cal-
deutgro’\TNquantum numbers. I.n partlcular, beS|de§ @8\1 culations of Dymarz and Khanrjd4], where, in spite of the
and *Dy comptA)ilents,A\ANe W|LIA|ncIude tgi followindA  gistributions being similar to ours, the total probability is
components: °S;%, °Di%, 'Di*, and Gy*. twice as much. One must be aware that calculations at the
In Table Il, we show the contribution of eachA com-  paryonic level are not fully consistent, as they use, for the
ponent to the deuteron binding energy. For the sake of COMNN interaction, potential§Reid soft core or Parjswhich
parison, we present a calculation includiNgN components  were designed, in principle, without explick degrees of
only, and labeled as number 8. For this particular case, leafreedom: therefore, parts of the contributions from the
ing out theAA components, we had to artificially increase degrees of freedom are implicitly included in the parametri-
the attraction by means of a multiplicative factér0633 in zation of the potentials.
the coupling constant of the scalar potential. As can be ob- |n Table IV, we show some of the properties of the deu-
served, the probability oA components is very small. The teron. A good agreement with the experimental data can be
probabilities of théS}* and "D1* are by far the most im-  observed. The effect of thAA components on the mean-
_ square radius is negligible 0.01%, due to the low probabil-
TABLE IV. Deuteron properties. ity of these components and to the fact that their contribution
i occurs fundamentally for small values of the radiusA
Quark Quark OBEP[1] Paris[35] Expt.[36] g agreement can be obtained with nucleonic channels

Ep(MeV) 2.2246 2.2246 2.2246 22249  2.224895 only (see column three This result tells us that, for global
r m(fm) 1.985 1.976 1.9688 1.9717 1.981 properties, the influence of th®A channels can be simu-

As(fm~Y) 08941 0.8895 0.8860 0.8869  0.888H lated by a small change of the paramet@amultiplicative

” 0.0250 0.0251 0.0264 0.0261 0.0256 fac.tor on the scalar potent)aIN_ever.theIess, as we will ex-
plain below, one has to keep in mind that these parameters
&Calculation 1 in Table II. are strongly correlated to the calculation of other observ-
PCalculation 8 in Table Il. ables, and therefore should not be freely modified.
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FIG. 2. Momentum distribution for th&S\'N and *S; deuteron
components(a) Solid and dashed lines are the same as in Fip)1.
The solid line corresponds to the full calculation, dotted and dashe
lines to calculations 3 and 7 in Table II.

FIG. 3. NN Swave phase shifts fof=1 (a) and T=0 (b).
Experimental points with and without error bars correspond to the
energy-independent and energy dependent solutions of Atralt
[38], respectively. All these data have been obtained through the
interactive progransAip [39] corresponding to the solutiosPos

Figure 1 shows the probability distribution in momentum The phase shifts shown and the analysis correspond to the neutron
space for the3S’fN deuteron component: once again, it is Proton.(a) The dashed line represents the calculation includiing
seen that the effect of theA components can be simulated channels only, dotted line includes alsd components, and solid
by readjusting the strength of the scalar potential. HoweveIJ,Ine IS th? fu!l calculation V.‘”ﬂNN’ NA, andAA Ch.an.nels.(b) The
this is not the case for the momentum distributicbﬁs;(k) dashed .Ilne.ls the.calculatlon witthN only, and solid line is the full

. I calculation includingNN andAA channels.
which are shown in Fig. 2 fo&wave deuteron components.

As can be observed, th®#A components extend to higher be relatively important for certain specific aspects, and not so
momenta regions. This may influence the structure functioasily replaced by other mechanisms.

B(q) which presents a zero for momentum at around 7.1
fm~ . Including only NN components, this result always
comes lower, being th&A A components a possible candidate
to solve the problerfi34,37. As a consequence, although the  In this section, we present and discuss our results for the
probability of AA components is small, its influence could NN phase shifts below the pion threshold. In the calcula-

VI. SCATTERING STATES PROBLEM:
NN PHASE SHIFTS
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TABLE V. Low-energy scattering parameters.

Quark OBEF1] Paris[35] Expt. [42]

app (fm)  —27.010 —23.750 —17.612 —23.748(10)

Fop (fM) 2.64 2.71 2.88 2.75)
a, (fm) 5.437 5.424 5.427 5.419)
re (fm) 1.779 1.761 1.766 1.759)

tions, we will include couplings tAAA channels for iso-
singlet (T=0) partial waves, and tdlA and AA channels

for isotriplet (T=1) partial waves. As explained in the in-
troduction, the CQC model provides a way to study the
excitation for the NN elastic scattering in a completely
parameter-free fashion. We will use as reference the experi-
mental data of Arndet al. [38]. All these data have been
obtained through the interactive prograsaib [39] corre-
sponding to the solutioar9sg The phase shifts shown and the
analysis correspond to the neutron proton.

For the discussion of the results, we will divide the phase
shifts into three groups. First, we will consider=0 waves.
They are the most sensitive to the short-range part of the
interaction: therefore, one would expect that quark dynamics
play an important role. A second group will B2 D, andF
waves. They are still sensitive to the short-range part and
therefore to quark dynamics, but the middle-range and the
spin-orbit terms also play a dominant role. Finally, waves
with orbital angular momenturh>3 depend fundamentally
on the middle and long-range part of the interaction. Quark
dynamics should not be relevant, but these waves may be
used to study the chiral component of tNeN interaction.

We will also present our results for the mixing parameters.

A. Swaves

In Fig. 3@), we show the results for thésS)" partial
wave. Angular momentum selection rules prevent this chan-

180
120 —
0
Q
e 1.
@ | /'/ ------------ -
= /
i 60 — g
2 /
2 /
TR
5::4 / i

-60 — < T T T |
0 100 200 300
Tlab (MCV)

FIG. 4. NN P, phase shift. The dashed and solid lines have the
same meanings as in Fig(3. The dashed-dotted line shows the

effect of antisymmetry, corresponding to the result when all the(b),

PHYSICAL REVIEW C 62 034002
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20

Phase Shift (degrees)
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30

ego o0 L 5
Pt X 4
e *

Phase Shift (degrees)

-30

0 100 200 300
T)ap (MeV)

FIG. 5. NN 3P, phase shifts(a) Same meaning as in Fig(s.
(c) The dashed line corresponds to the result Wik channels

exchange kernels are removed. only, and the solid line includedN andNA channels.
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Phase Shift (degrees)

-30 - . : ; ‘
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Tiap MeV)

|

i ' I ' i '
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Tlab (MCV)

FIG. 6. NN D, phase shift. The solid, dashed, and dotted lines
have the same meanings as in Figa)3 The dashed-dotted line
represents the result without exchange kernels.

nel from coupling to otheMN N channels. As pointed out
before, the chiral components of tih&N interaction do not
provide enough attraction to reproduce the experimental data
(dashed ling The required attraction is supplied by the cou-
pling to the °D}* channel(dotted ling. A complete agree-
ment with the experimental data is obtained when the cou-
pling to AA channels is includedsolid ling). For the
isotriplet partial waves, the effect of the coupling A\
channels is very small as shown here, and as will be also
seen for higher angular momentum partial waves. Therefore,
in order to simplify the calculations, we will simulate this
coupling (which always translates into an additional attrac-
tion) by means of a small modification of the mass of the
scalar potential for these channels. As a consequence, for the
rest of the isotriplet partial waves, we will adopt a mass of
3.421 fm! for the scalar particle. This is the same value
used in a recent study of th&, partial wave[40], where we

did not includeAA channels. In Fig. @), results corre-
sponding to the deuteron quantum numbers are shown. The
agreement with the experimental data is also good. The cou-
pling to theAA channelgsolid line) has a very small influ-
ence on the phase shift, showing that the important channels
are those coupled by tensor potentials.

The short-range repulsion of the potential is very well
reproduced without introducing any additional parameters.
The presence of a pseudoscalar interaction reduces the value
of ag in the OGE(the interaction usually advocated to ex- -4 ; ; : I T
plain the short-range repulsion of thN potentia), but Ref. 0 100 200 300
[41] shows that antisymmetry effects on the pseudoscalar Tiap (MeV)
potential provide a strong spin-isospin independent repul-
sion, which allows us to reproduce the behavior of the
Swave phase shifts even in the absence of OGE.

We show in Table V the low-energy scattering param- FIG. 7. NN °D; phase shifts(a) Lines are labeled as in Fig.
eters. TheNN scattering length in théS, state is extremely 3(b). (b), (c) The solid line corresponds to the result withN
sensitive to small changes in the strength of the force as thehannels only.

Phase Shift (degrees)

Phase Shift (degrees)
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Phase Shift (degrees)

, ()

-2 i -1
T T T T | ! \
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Tiap (MeV) Tjap MeV)

FIG. 8. NN F phase shifts. In th&=0 sector, the solid line includd$éN channels only. In th& =1 sector, the dashed line corresponds
to includingNN channels only, and the solid line considers a@lb channels.

exists an almost bound state in this partial wave. A detailedo different observables. It is also interesting to notice that,
discussion of the scattering length problem in the saméor the P, partial wave, the quark substructure of the
model presented hefas mentioned above without including nucleon still plays an important role. Indeed, in the same
AA channels has been done in Ref40]. One should be figure, we denote by the dashed-dotted line the calculation
aware that the quark model results in Table V have bee@one by removing the terms coming from the antisymmetry
calculated with a unique set of parameters, without differennf the quarks, and the phase shift becomes attractive. This
tiating T=0 andT=1 channels. A nonsignificant modifica- regylt is easily understood in terms of the pseudoscalar inter-
tion on the mass of the scalar boson in The1 channel will  4¢tion (OGE does not contribute B waves because of its

drive the exact result for this observable. 5-like behavioy. In fact, at short range, the direct pseudo-
scalar potential is repulsive f@waves, but is attractive for
B. P, D and F waves the 1P, wave due to the sign change of the spin-isospin

Among the four. =1 waves, only the'P, is not affected ~matrix element. Only the antisymmetry terms of the pseudo-
by the spin-orbit interaction. As we can see in Fig. 4, thescalar potential produce this correct behavior.
result of our calculatioicorresponding to the solid lings in In Fig. 5, the ®P; triplet phase shifts are shown. As we
perfect agreement with the experimental data. Let us notean see in Fig. @), and has been explained fBwaves, the
that this calculation, as well as all others that we will showcoupling toAA channels in higher angular momentum iso-
next, is a parameter-free calculation, in the sense explainetiplet partial waves is very small. A lack of spin-orbit inter-
in Sec. llI: that is, the model parameters of Table | are fittedaction prevents an appropriate reproduction of the experi-
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FIG. 9. NN G phase shifts. Lines have the same meanings as in Fig. 8.

mental data. The coupling tNA channels, suggested as a which may be considered as the characteristic window where
possible solution of the spin-orbit problem, does not improvethe NN interaction is basically governed by chiral symmetry.
the description. Higher energies require an improvement in the description of
D waves are shown in Figs. 6 and 7. As a general trendshort-range effects, as could be the spin-orbit force which
one observes that there is too much attraction, except for thstill plays an important role fob waves.
3D, partial wave where the experimental data are perfectly The phase shifts fof waves are shown in Fig. 8. We see
reproduced. While for isotriplet partial wavé®, the cou-  how, in general, there is a better agreement thad imaves
pling to NA channels is still importanfworsening the qual- up to higher energies of 150-200 MeV. We have included
ity of the result$, the coupling toAA channels does not again the calculation without coupling t8A channels for
produce any considerable effect. For this reason, the cousotriplet partial waves. As foP andD waves, the coupling
pling to AA channels will not be included for higher isotrip- to NA channels produces too much attraction. An agreement
let partial waves. We also notice that, for these waves, thés obtained of the same quality as the results reported in
influence of the antisymmetry diminishes as compare8 to Refs.[5,43].
and P waves. A comment must be made about thie, phase shift. This
As in the case of Kaisesat al.[43], we observe how thB  wave is coupled to théP, wave, which has a strong influ-
waves are correctly reproduced up to about 80—100 MeVence of the spin-orbit interaction. The spin-orbit interaction
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FIG. 10. NN H phase shifts. Lines have the same meanings as in Fig. 8.

is attractive for the3®P, wave and repulsive for théF,.  metry. However, as previously discussed, the effective theo-
Therefore, we expect that when tAB, wave approaches the ries trying to reproduce low partial waves need to introduce

experimental data, th&F, will also do the same. a large number of parametefimore than 20 in Ref.3]).
C. G, H, and | waves D. Mixing parameters
In Figs. 9, 10, 11, and 12, we show the results@H, I, Finally, we show in Fig. 13 the mixing parameters for the

andJ partial waves up td= 6. The predictions of the model tensor couplings between differediN partial waves. As can
are in good agreement with the experimental data, being furbe seen, all of them are correctly reproduced exceptfor
damentally dominated by the interaction of chiral origin. (which represents the tensor couplifig,—3D;) and e,
Isotriplet partial waves show that the couplingNa chan-  (which represents the tensor coupfiRg—°F,).
nels, so important for low angular momenta, becomes For e,, we cannot draw any definite conclusions, because
smaller but contributes to improve the results. our model does not describe accurately tte, and °F,

For high angular momentum partial waves, our results arg@artial wave phase shifts. However, fey [solid line in Fig.
similar to those obtained by effective theorfés43), indicat-  13(a)], we have a very good description of tA8; and °D,
ing that these waves are governed exclusively by chiral symphase shifts, and we see that the mixing parameter has the
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FIG. 11. NN | phase shifts with]<6. Lines have the same

meanings as in Fig. 8.
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FIG. 12. NN 3J¢ phase shift. Lines have the same meanings as
in Fig. 8.

right behavior only at very low energies. This seems to indi-
cate the existence of a weak short-range tensor force, and the
introduction of some new mechanism may be needed. If we
includeNN components onlydashed ling the result seems

to be in better agreement with the experimental data. This is
only due to the fact that th&S, phase shift has, in this case,

a lower value and it is not an effect dueAd\ components.
Higher angular momentum mixing parameters are gov-
erned by the pseudoscalar tensor term and have a good

agreement with the experimental data.

VIl. SUMMARY

Starting from the common belief that QCD is the under-
lying theory of the strong interaction, one is entitled to de-
mand that hadron physics be formulated in terms of the basic
quark degrees of freedom. Only in this way will we be able
to describe the hadron structure and the hadron-hadron inter-
action in a consistent framework, and possibly shed some
light on the true nature of nuclear forces. This work attempts
to be a step in that direction. We use constituent quarks as
the basic degrees of freedom in a model which incorporates a
spontaneously broken symmetry of the QCD Lagrangiiae
chiral symmetry. We are able to formulate QCD at low
energy as an effective theory of massive quarks interacting
through gluons and Goldstone bosons. Keeping the quark
degrees of freedortand not integrating them out, as done in
effective field theoriesis of capital importance in order to
generate the short-range part of tRé&l interaction through
the quark Pauli principle. As a consequence, one obtains a
physical mechanism which does not resort to contact terms
and limits the number of free parameters in the model. Be-
sides, such a mechanism allows us to generate the short-
range behavior of any other hadron-hadron potential in a
completely parameter-free way.

For the solution of the two-body problem, we have devel-
oped a RGM calculation in momentum space. We have pro-
posed a method to solve the resulting coupled-channel
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Lippmann-Schwinger equations. This new formalism will al-  TABLE VI. Coefficients for the RGM kernels of the Appen-
low us to extend the calculation to above the pion thresholddix.
Our method was used to obtain tiNN scattering phase

shifts (up to a total angular momentud+ 6), and the deu- i] ajj bj; Cij Mi;
teron observables. Full couplings MA and A_A channels 36 3/4 12 1/2 1
were considered. The model here proposed is able to repro- ;, 1 1 1 4
duce theNN phase shifts with good precision, except for the 13 11/16 —1a 3/4 4
3p, waves. The®P, problem relates closely to the lack of a

J ' J 16 11/16 3/4 —1/4 4

spin-orbit force in our potential, a topic which deserves spe-
cial treatment outside this general work. Deuteron observ-
ables are also reproduced with high accuracy with the samgjp,
model parameters.

For low angular momentum partial waves, the influence ‘ 3
of the antisymmetry between quarks is very important, pro- o= 5
viding the short-range repulsion needed to reproduce the ex- 2mgb
perimental data. The quark Pauli principle affects not only
theTShwaves, but has also !mporta_nce for llhewave_s. _ V|lr12t:3><4ﬂ_f ef(bz/z)qzvlz(q)qz dq. (A2)
e NA components give an important contribution to

the'SYN channel through the tensor couplt®y™— SD}* .
This coupling, which plays a similar role to t&'™
— 3DV in the 2SN channel, provides the attraction needed
to reproduce the experimental data. The couplingAtd .
channels can be quantitatively simulated by a slight modifi- "®“Ng(P’,P;)=—9

The norm and kinetic energy exchange kernels appearing
in Eqg. (22) can be calculated analytically,

2} 32

. L 4
cation of the model parameters. However, there are indica-
tions that certain observabl@gke the structure functions of Xe—(5/12)b2(P'2+ Pi3)+ (1/2) b2|5’<|5iP§(;I'C,
the deuteronrequire the presence of these components in the
wave function of the deuteron. Higher angular momentum (A3)

partial waves are dominated by the pseudoscalar interaction,
and a good agreement with the experimental data is obtained.
The mixing parameters; deserve special mention. In
general, they are well reproduced, except &rand e,.
While the disagreement far, can be easily understood, the I
case ofe; seems to indicate that there are details concerning X (3P'?+3P?—P'. Pi)] : (Ad)
the tensor force which are still missing in our model.
The present model, based on quite simple physical hy sTC

potheses and a reduced number of parameters provides\_/vf;lr\]ere we use natural units €c=1) andPg; “is the ex-
promising description of theN system below the pion change operator for quarks 3 and 6 in the spin-isospin-color

. space.
threshold. The next step concerns the study above the pio ) . N
P y POy general, the interactions kernefeMv(P’,P;) and

threshold, which will be addressed in the near future. o
REMy(P’,P;) for two-body potentials depending on mo-
mentum transfer are given by

N 1
4mqb2 8my

RGMTE<F*>',F?>=RGMNE@',F*’i)[sx
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APPENDIX 1

In this Appendix, we give the formulas needed for the pij=§(pi—pj),
calculation of the kernels appearing in Eg0). All results
are written as operators in spin-isospin-color space. The cor- B, =pi+p: (A6)
responding matrix elements in these spaces are evaluated by e
means of standard $P) and SU3) techniqueg44]. The direct potential is given by

The internal energy of each baryon appearing in )
is calculated as RGMy (B By)=9 e (P =P)IBy_ (B'—P)), (A7)

Eg=Tg +(B[V13[B) (A1) while the exchange terms are
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21312 23 i i 2, 3
ROMy, (B! Bly= — oM. | ROW1e(P',P) = (VI + Vy5) "MNe(P',P)), (A8)
IJE( AN i A
. ) o wherei andj refer to the pair of interacting quarks, aMy;

x @~ P?I(5/12)P" 2+ (5/12)P;? ~ (1/2)P - P}] is a multiplicity factor indicating the number of equivalent
interactions. The coefficients; , bj;, ¢;;, andM;; are given

XJ 6 e~ b7lai by’ +cijd- B in Table VI.

Formulas(A7) and (A8) contain an angular integration
- which can be done explicitly for central and tensor-type po-
XV"(q)PSTC, .
ij 36 tentials.

Central potentials

3p2)32 , , L
RGMVHE(P!,Pi):_gM”[E} e~ DPI(5/12)P" 2+ (5/12)P; >~ (1/2)P" -Pil 4 1.

xJ dq q2io(b2q\/bﬁp'2+c?jpi2+ 2b”ci,-ﬁr.ﬁi)e-bzauqzqu(q)ngC, (A9)

wherei|(x) are the modified spherical Bessel functions of the first kind.
Tensor potentialsAssuming a tensor potential at quark level of the type

Vi@ =Vi(a[qeq)?-[o;®0]? (A10)

the result for the kernels is

2

L 30?32 , L i,(b%q b2 P2+ c2 P2+ 2bjic; P’ - P;)
RGMV;EE(P/’Pi): _9Mij[ﬂ} e—bz[(sllz)P 24 (5/12)P;2— (1/2)P .Pi]477f dq o 2 j ijri ij~ij i

b%P'?+c5P?+ 2bjiciiP' - P,

X eibzaiquVI(q)[(bij F_S, + Cij |3|)®(b” |'-3, + Cij F_;i)]z' [(;', & (;'J]nggc (All)
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