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Testing the quark cluster model in nucleon-nucleon scattering
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The description of the short-range part of the nucleon-nucleon forces in terms of quark degrees of freedom
is tested against experimental observables. We consider, for this purpose, a model where the short-range part of
the forces is given by the quark cluster model and the long- and medium-range forces by well established
meson exchanges. The investigation is performed using different quark cluster models coming from different
sets of quark-quark interactions. The predictions of this model are compared not only with the phase shifts but
also directly with the experimental observables. Agreement with the exigtingnd np world set of data is
poor. This suggests that the current description of the nucleon-nucleon interaction, at short distances, in the
framework of the nonrelativistic quark models, is at present only qualitative.
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I. INTRODUCTION In contrast, the long- and medium-rangeR and MR
nucleon-nucleon forces provided by meson exchanges are
It has been clearly shown, in many investigatidsee nowadays well established and well tested against the low-
Refs.[1-3] and references cited thergithat the rich body energy data, and we believe that they must be taken as fixed.
of highly accurate data on nucleon-nucle®hN) scattering, In this work, we adopt this viewpoint, and investigate a
accumulated during the last three decades, can be very sugodel in which these LR and MR forces are supplemented
cessfully described by theoretical models based on hadronigith the SR forces derived from the quark cluster models.
degrees of freedom. The main drawback met in these workg/e believe that this procedure brings a better insight into the
is that, for a prECise fit to the data, either the ConceptS Ofo|e p|ayed by quark degrees of freedom in the nucleon-
boson exchange are illegimately extended to the very shoycleon interaction, and provides a more meaningful test of
internucleon distancef4], or a purely phenomenological e QCM. In a previous workl2], such an analysis has been
model is explicitly adopted for these short distanggls On performed only with the QCM reported in RéL1], and for

the other hand, the nucleon is a compound system of subhag; pp scattering. Here, we extend it to other QCM derived

ronic particles and the quark degrees of freedom are exs ; ; ;
. rom different quark-quark interactions, and we also compare
pected to play a role in the short-rangfgR) part where the q d b

two nucleons can overlap significantly, the predictions with the updated set of data, for bothgpe

In the past, several attemdi®—9] have been devoted to ins(,jS%p I\j((:e?/ttermg, up to the laboratory kinetic energiy
}?eeeglg::]\fart_:g% ;; ’a?lnNt ﬁgtﬁr;trli \I\;(c))rmk g}et r?el)la'lsrg_ gz;?ergeqsugfrlﬁ Our model as well as the input ingredients are presented
cluster modelQCM). This model extends the nonrelativistic n Sec. Il. The results are reported and discussed in Sec. Ill.
quark model, which is very successful in accounting for the
baryon static properties, to the description of the interaction
between two clusters of three quarks. One of the outcomes of
these works is that the dominant potential obtained is repul- The model that fulfils the previous requirements, amounts
sive for all internucleon distances. This property, of courseyg the Schidinger equation
is desirable for short distances but the lack of attraction in
the medium range is very troublesome. Subsequent works _ o o
[10,11] remedy this defect by adding to the QCM some me- TABLE |. Quark-quark interaction input parameters in different
son exchanges. However, these meson exchanges are ad:
justed to give a best fit of theN phase shifts. The result is
that the obtained medium-rangeéN forces are then too
strongly attractive to be realist[d2]. This feature was con-
firmed very recently13] in a new analysis of the high partial Takeuchi[11] 313.0 0.62 1.657 43.84
waves reported in Ref11]. Introducing quark delocalization Yamauchi[15] 313.0 0.50 0.360 67.27
and color screening to the QCM4] can furnish some at- Okal[6] 300.0 0.60 1.392 141.20
traction, but this attraction lies in a region far outside thatraessief7] 355.0 0.475 0.970 61.60
observed.

Il. THE MODEL

QCM my byq ag a a,
(MeV) (fm) (MeVfm™1) (MeVfim ?)
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TABLE Il. Harvey [16] input parameters.

K my as=—4miK/m by A B @ A
(MeVim™3)  (MeV) (fm)  (MeV)  (MeVfm ?) (fm) (MeV)
—227.77 355 4.757 0.8 9525  —3.125 —-119.95 0.8
1. oce ®s 1 2
—m—NV P(r)+Vp(r,E)[1—F(r)]e(r) ViPs=Vj; E:in-xj —— 5| 1+ 301 0| 8(ry)
ij m;
+ | dr'V rr )N () g(r')y=Eu(r), 1
f qem(r I )VE)F(r)g(r’)=E(r) —Bayry0, 10y 0) - —a= LS|,

(2.9

whereVp(r,E) is the theoretical LR MR part of the Paris
potential, given by the one-pion-exchange, the uncorrelatehere; are the color matrices.
and correlated two-pion exchange contributif®iks This po- In the quarll< cluster model, the wave function for a six-
tential is local but energy dependenfocy(r,r’) is the —quark system is assumed to be of the form

CM nucleon-nucleon potential due to the quark confine-
gent plus the one-gluor?exchange contributicc)lns. it contains Y #(8a:éb .V an) = Al{ $a(123) $,(456)} sx p(Tan) 1,
a local and a nonlocal part but is energy independg(mt) (2.6
=[1+(r/R)?]"* is a cutoff function designed to make a whered, , is the wave function of nucleomor b (cluster of
clear separation between the SR and-HR parts of the e quarks y 4 the relative wave functioma,=r,—r, the
Interaction. . L {elative coordinate between the two clusters centered, at

For completeness, let us sketch briefly the derivation 02%(%“2“3) andr,=1(r,+rg+rg), A is the antisym-

) o .
the Q|CMh pOte”tllavaCkM_(r’r ) in ter?hs on th? INPULS,  metrization operator with respect to the quarks ghdhe
namely, the quark-quark interactions. The Hamiltonian Con'coupling ofa andb into a well-defined flavor and spin state
sidered for the six-quark system is

The Schrdinger equation gives

6 2
p.
H:le—r;]l—TwL_; Vi, (2.2
e ! Eﬁ f {#3 (&) P15 (&)} H—E1V p(&a, &5 T ap) &, d§,=0,
T is the kinetic energy for the c.m. motion. The quark-quark (2.7

interactionV;; consists of the confinement ter‘vf{fj"”f which
is supposed to account for the nonperturbative effects
QCD and of the residual interaction®

0\fvhere the internal coordinates of the clustendb are now
introduced explicitly as

&=(8.86) &=(&.4)

Vi = Vit vies, (2.3
=r,—"ro, =r3—2(ri+r5) (2.9
Usually the confinement potential is taken to be linear or G=nfz &=zt
quadratic &=T4=Ts, &=Te—3(ra+rs).
VM= —(N-Nagrf (n=1or 2 (24  Straightforward manipulations lead to a coupled channel

equation, the resonating group meth@dsM) equation
and the residual interaction is given by the one-gluon ex-

13, (MeV/fm)

<

1

2
r(fm) 3
r(fm)

FIG. 1. Nonlocal'S, partial wave projection afr "Vaem(r.r'),
for the parameter set of Refl1]. FIG. 2. As in Fig. 1 but for theé’P, wave.
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D, (MeV/fm)

FIG. 3. As in Fig. 1 but for the’D, wave.

where the operators

H(f.r’):f ba (&) Py (&) S(r—rap)

XH(1=A) da( &) du(&p) 6(r' —rap)dEad&pdrap
=HY(r")8(r' —r)—H®(r,r") (2.10

and

N(r,r’):f ba (&) by (&) S(r—rap)

X(1=A)pa(&a) Po(&p) O(r' —1ap)dE,d&ydr 4y
=N4r")S(r' —r)—N®(r,r"). (2.1

The exchange termd®*(r,r’) andN®X(r,r") arise from the
antisymmetrization operator

3 6
i=1j=4

The intrinsic wave functions of the two cluste¢s, and
¢, are usually approximated by th@®6)® harmonic oscilla-

tor configurations
1 3/2 1 2 3/2
2
= ex -
&) (4wb§> p[ 4b? & (embg)

1
X exp[ -— gﬁ] 557(1,2,3),
3b?

(2.12

TABLE I1ll. Best values of the cutoff radiu®.. The models
correspond to the different QCM, supplemented with thetHhMR
part of the Paris potential.

Isospin 1 Isospin 0

Models R. (fm) R; (fm)
(fitted to 1S, (fitted to

at 25 MeV) deuteron binding energy
Takeuchi[11] 0.820 0.806
Yamauchi[15] 0.845 0.799
Oka[6] 0.824 0.806
Faesslef7] 0.841 0.806
Harvey[16] 0.900 0.909
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FIG. 4. 'S, phase-shifts. The curves correspond to the different
QCM, supplemented with the LRMR part of the Paris potential.
PSA corresponds to phase shift anal\€g], and Paris to the re-
sults of Ref.[5].

whereby, is the oscillator parameter ar|>7(1,2,3) is the
spin (S)-isospin(T) color wave function.
Introducing the following renormalized wave function:

}(r):j NY2(r,r")x(r")dr’ (2.13

and the corresponding renormalized Hamiltonian kernel

ﬁ(r,r/): f N71/2(r,ru)H(rrr,r/u)N71/2(rm,r/)drrrdrm,
(2.19

one obtains

J dr'B(r,r")x(r')=Ex(r). (2.15
Identifying this equation with an ordinary Scliinger-type
equation provides the expression\&dcpy(r,r’) in terms of
the kernelsH(r,r’) andN(r,r"). The full fledged details of
these calculations can be found, for example, in [RES].

As for the input parameters of the quark-quark interac-
tion, namely, the quark masses, the confining strengths

25 L e L S LA |
-------- Takeuchi
20F —-—-- Oka 1
----------- Harvey
5 15 T Yamauchi i
é‘i ————— PSA
N
210 -
5_ -]
0 H | n | ! | | L ) | | | i
0 50 100 150 200 250 300 350
Tlab (MeV)

FIG. 5. 1D, phase shifts. The curves are labeled as in Fig. 4.

034004-3



M. LACOMBE et al.

R Harvey
-30F ------ Yamauchi
| ---- PsA

=

—-—- Oka

—— Paris

FIG. 6. 3P, phase shifts. The curves are labeled as in Fig. 4.
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FIG. 7. 3P, phase shifts. The curves are labeled as in Fig. 4.
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FIG. 8. 2S, phases shifts. The curves are labeled as in Fig. 4.
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FIG. 9. 3D, phase shifts. The curves are labeled as in Fig. 4.

a,, the strong coupling constanat;, and the oscillator pa-
rameterb,, they are adjusted to reproduce the baryon prop-
erties in the one-baryon sect@hree-quark systemsTheir
values, found in different work$6,7,11,13, are listed in
Table 1. We have also included the model of quark-quark
interaction considered in Rgf16]

2
ra
VETT= N\ Aexp(—A”2 +Bri+C|, (219
Vl?GE:K)MAJ 1+ §0'|0'J 5(r|l) (Zln

The values ofA, B, C, K, andA are listed in Table II. They
were obtained by fitting also to the baryon spectrum.

IIl. RESULTS

A. Calculation of the potential Vqem(r,r'’)

We have built a general numerical code from the formulas
of Ref. [15] to generate th&/qcyw(r,r’) from the different
quark-quark interaction models of Ref$,7,11,15,16 In
the course of our calculations we found it necessary to cor-
rect some numerical factors. A factor 3 is missing in The

40 T T T T T T T T T T T T T

- 4 - Yamauchi
————— PSA ]
Paris
0 L | L | L | L | L | L | L
0 50 100 150 200 250 300 350
Tiab (MeV)

FIG. 10. %D, phase shifts. The curves are labeled as in
Fig. 4.

034004-4



TESTING THE QUARK CLUSTER MODEL IN NUCLEON- ...

PHYSICAL REVIEW @5 034004

TABLE IV. The deuteron properties. The different models are as in Table li§. the deuteron binding
energy. Numbers in square brackets indicate references to source papers.

Model with R. (fm) Q (fm?) € (MeV) wl g Ap/As  Pp(%) (r?) (fm)

parameters of fitted to

Takeuchi[11] 0.8059 0.283 —2.226 0.844 0.0262 6.25 1.984

Oka[6] 0.8064 0.282 —2.223 0.844 0.0261 6.18 1.986

Yamauchi[15] 0.7987 0.278 —2.226 0.848 0.0258 5.49 1.985

Faesslef7] 0.8064 0.279 —2.223 0.847 0.0259 574 1.986

Harvey[16] 0.9090 0.276 —2.224 0.849 0.0257 5.37 1.987

Paris potentia[5] 0.279 —2.225 0.853 0.0261 5.77 1.950

Experiment 0.285@®) —2.22457%9) 0.85741) 0.02564) 1.9716)

[17] [18] [19] [20] [21]
|8 T i T
.:'« PP - PP 0.5 . . . . T . .
. '\‘I. i Young [23] L T,= 200.00 MeV PP — PP
5 10 - b S '(I;ikeuchi | S/ ‘ P = 644.44 MeV/c i Haeberli [24]
~ g\ o a r i Rathmann [25]
S B Harvey 0.0 S e Takeuchi 7
g AR Sh Yamauchi F [ —-—-— Oka
~ ! o e Harvey
o N o L Yamauchi
o -
~ -05
b | R e T
=l 5
T, = 68.00 MeV
P:f 363:63 M?V/c . | 10 -
0 30 d 60 90 I L
O m, (deg) 0 30 90

FIG. 11. pp elastic differential cross section @t,,=68 MeV.
The curves correspond to the different QCM, supplemented with FIG. 13. pp spin correlation parametéy,, at T,,=200 MeV.
the LR+MR part of the Paris potential. Paris refers to results of The curves are labeled as in Fig. 11.

Ref.[5] and Young refers to experimental results from R&8].

0.60

: : , : :
PP - PP !

| T,= 200.00 MeV
L P= 644.44 MeV/c

0.25

IHaeberli [24]
Rathmann [25]]
Oka
Harvey
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-0.10 —_—

FIG. 12. pp elastic polarization atf,,,=200 MeV. The curves
are labeled as in Fig. 11. Rathmann and Haeberli correspond to FIG. 14. pp spin correlation parametey,, at T;;,=200 MeV.
The curves are labeled as in Fig. 11.

results from Refs[25] and[24], respectively.
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T 0.5 T T T T T T T T
np - np np - np % grog{i—gysin [28]
_ rogli—Gysin (28]
= T,= 96.00 MeV [ 1u= 68.00 Mev CTITD fdkeuchi ]
8 10| P= 43530 MeV/c P,= 363.75 MeV/c . Harvey
r Yamauchi
= Paris
g |
~ Rahm [26] A 0.2 )
% 5L T T e Takeuchi | .
I ey -—-- Oka At
5 e T e Harvey
- L Yamauchi / N .
Paris el
. - L . - L . - . I I .
60 100 140 180 o 0 T e T %0 T 180
ec.m. (dEg) ecm. (deg)
FIG. 15. np elastic differential cross section &f, =96 MeV. FIG. 17. np elastic polarization &f,,=68.0 MeV. The curves
The curves are labeled as in Fig. 11. Rahm shows results from Refre |abeled as in Fig. 11. Brogli-Gysin data points are from Ref.
[26]. [28].

=1 local triplet central potential, a factor 2/\/5 in the T

=1 local tensor, a factor 1/($5) in the nonlocal tensor, a
factor \/6/3 in the nonlocal spin-orbit potentials, a factor 2 in o6 £~
the 3S,—°D,, and 3P,—3F, tensor potentials. We have

¥ Davis [29] ' 4
[] Ahmidouch [30]
] Arnold [31]

checked that these modifications enable us to reproduce the | e Takeuchi |
numerical results foWqcy(r,r’) of Ref.[11]. Some typical ’ ﬁﬁ:vey
--------- Yamauchi

shapes of nonlocal potentials obtained with the parameter set
of Ref.[11] are displayed in Figs. 1-3. In these figures, we &
have plotted, as functions ofandr’, the partial wave pro-

jections ofVocy multiplied by rr . 00 " np > np
T,= 261.00 MeV
B. Comparison of the phase shifts —0R I p= 747.15 MeV/c 7
We have solved Eq2.1) using the different QCM poten- o e 120 180
tials Vo calculated in the preceding section, together with 0. (deg)

the LR+MR parts of Paris potentidb]. We did not include ] o

the w-meson exchange. The only remaining free parameters FIG- 18.np elastic polarization afj,p=261 MeV. The curves
are those of the cutoff functiof(r), namely,p andR,. To are labeled as in Fig. 11. DaV|_s, Ahmidouch, and Arnold are from
make a clear separation between the short-range QCM pgesults of Refs[20-31], respectively.

tential and the meson-exchange potential, we chpsd0.

Regarding the cutoff radiuR;, we determine it, as in Ref.

[12], by fitting to the 'S, phase shift at 25 MeV in the

isospinT=1 channel, and to the deuteron binding ene,gy ~ TABLE V. x’/data forpp and np observables. The different
in the isospinT=0 channel. The best values Bf obtained models are as in'TabIe III_. The fit performed by Takeuehal. in
with the different QCM potentials using different sets of Ref.[11], the Paris potential results, and the PSA are also shown.

. ‘ : . = pp np
i Franz [27] ' Models (1353 data from (2268 data from
—_ | Takeuchi 25 to 333 MeV 25 to 325 MeV
woor —-—-- Oka
} """"""" Harvey i Oka[6] 140.28 20.34
- yamauchl 2 Yamauchi[15] 230.57 36.00
o | Takeuchi[11] 143.20 19.00
g np - np ] Faesslef7] 228.06 34.00
S T= 199.90 MeV Harvey[}ﬁ] . 360.6 30.36
et P = 644.46 MeV/c Takeuchi[11] (with phase-
. . | ‘ . | . . dependenR, of Table VI) 13.34 13.36
60 100 140 180 Takeuchi[ll] 13.25 25.24
0, m. (deg) (adjustable meson exchanges
. . . . Paris potentia[5] 1.96 2.83
FIG. 16. np elastic differential cross section af, PSA[22] 1.40 161
=200 MeV. The curves are labeled as in Fig. 11. Franz shows ) )

results from Ref[27].
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TABLE VI. Best values of the partial-wave dependent cut off radysvith the model of TakeucHil1].

Isospin 1 Isospin O

Phases s, p, Py P, °p, Py °D,
R. (fm) (fit of PSA phases 0.830 1.130 0.956 1.119 0.688 0.600 1.200

quark-quark parameters are shown in Table Ill. Interestingly D. Discussion and concluding remarks
enough they are close to the valu@sd fm) we adopted for | this work, a careful and detailed analysis of the short
the separation between the theoretical and phenomenologicgikstance effects of quark degrees of freedom onNNeob-
parts of the Paris potentig]. _ _ ~_ servables was carried out, in the framework of the QCM. The
For a first qualitative comparison we display in Figs. agreement of the theoretical predictions with data is quanti-
4-10 the results of some phase shifts obtained from the ditatively poor, leading to conclusions different from those
ferent QCM of Refs[6,7,11,15,16with their corresponding found generally in the literature. Changes in the choice of
best values folR;, as listed in Table Ill. We restrict our- quark-quark interactions do not improve the situation. It is
selves to the low partial wavesl€2) since these are the thus clear that the assessment of the ability of the QCM to
most sensitive to the SR part of the potential. They are comdescribe the SR nucleon-nucleon forces differs, depending
pared with the recent phase shift analy$$A) [22] as well ~ on whether one adopts the viewpoint of supplementing the
as with the Paris potential results. The results for the deuQCM with adjustable LR-MR forces or one chooses to as-
teron properties[]_?_z_’]] Corresponding to the same QCM sociate the QCM Wlth well-established HFMR forces. It
models are shown in Table IV. ThS, phase shift is well could seem surprising that the nonrelativistic quark model,
reproduced, aR, is adjusted to fit it at 25 MeV. However the Which has achieved remarkable successes in describing the
3G, phase is not so good. The agreement for the other phasStiC Properties of single hadron, fails to reproduce quanti-
is rather poor, especially in the higher-energy regions Wheréatwely thle SR kE)art of th‘.NN Interaction. Ith's' of course,
one expects the role of the quark degrees of freedom to b(?e_e_lsy tob ame the approximation made in the QCM, but it is
come more dominant. air to ad_mlt that_so far no better method has been proposed
and put in practice. In this work we focused on the QCM
. ) ) related to the original nonrelativistic quark model with quark
C. Comparison with scattering observables and gluon degrees of freedom. The same type of investiga-

We believe that the comparison with phase shifts does ndions can be contemplated for a quark model with Goldstone
provide a severe enough model testing bench. For a mof2Son, instead of gluon, exchanges as residual interaction.
meaningful test we confront the predictions directly with theSome recent calculations Werescarrled out, in this direction,
data on observables. We have performed such a comparisé¥f the nucleon-nucleortS, and °S, phase shift§32]. The
using the presently available world setN scattering data results obtained, namely, a strong repulsion, are reminiscent

up to 350 MeV. All observables have been calculated antﬁ)f those n the early work§6—9]. Wh'Ch. of the two ap-
some examples are shown in Figs. 11—18gpras well as proaches is more relevant to QCD remains an open theoret-

. X . ical issue.
np scattering. As it can be seen, the agreement with experi-

ment[23-31] is again poor. This is generally true for the
other observables as well, leading to the values of the total
x°/data listed in Table V. The model fails to reproduce not Parts of this work were carried out during different stays
only spin observables but also cross sections. It is wortlof three of us, P.D., J.P.B.C. de M., and C.S., at LPTPE,
noticing that the differences in the quark-quark interactiondUniversiteP. et M. Curie, Paris. The same authors acknowl-
show up more manifestly in the spin observables. One mightdge the financial support of the EU Human Capital and
argue that choosinB, to be dependent only on isospin statesMobility Program (network ERBCHRXCT 390-323 of the

is a too drastic prescription. We have tried to leave it free andBrazilian Agency FAPESRContract No. 97/13902)8 and

to carry out a best fit of the partial waves. This leads toof the Institut Interuniversitaire des Sciences Nadles
values shown in Table VI. It results in a bettgf/data, (Belgium), respectively. Laboratoire de Physique Nuadte
shown also in Table V, but without improving really the fit to et des Hautes Energies is Unite Recherche des Universite
the observables. Paris 6 et Paris 7, assoei@au CNRS.
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