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How the “H particle” unravels the quark dynamics
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It is shown that the short-range part of the Goldstone boson exchange interaction between the constituent
quarks, which explains baryon spectroscopy and the short-range repulsionNiNtegstem, induces a strong
short-range repulsion in the flavor-singlet state of $se—2 system with]®=0". This suggests that a deeply
boundH -particle should not exist. We compare our approach with other models employing different hyperfine
interactions between quarks in the nonperturbative regime of Q80556-282(98)04007-7

PACS numbes): 14.20.Pt, 12.39.Mk

Soon after the suggestion that the hyperfine splitting in It has recently been suggested that in the low-energy re-
hadrons should be due to the color-magnetic interaction begime, light and strange baryons should be considered as sys-
tween quarkg1,2] it has been noted by Jaff@] that the  tems of three constituent quarks witlQaQ interaction Q is
dibaryonuuddsswith J°=0", 1=0, called theH particle,  a constituent quark, to be contrasted with a current qgark
is stable against strong decays. Its mass turned out to Bfiat is formed of a central confining part and a chiral inter-
about 80 MeV below thé\ A threshold. The reason is that a action that is mediated by Goldstone bosons between con-
flavour-singlet state in thecgsystem is allowed in this case stjityent quark§10]. Indeed, at low temperatures and densi-
and the color-magnetic interaction gives more attraction fofjes  the underlying chiral symmetry of QCD is
the most favorable configuratidi83]cs than for two well-  gnontaneously broken by the QCD vacuum. This implies that

separatedA-hyperons. In Jaffe's picture thél particle 0 \glence quarks acquire a constituadtnamical mass,
should be a compact object, in contrast with the molecular- hich i lated h K q — q h
type structure of the deuteron. which is related to the quark condensates|), and at the

Since Jaffe’s prediction many calculations have appeare§@me time the Goldstone bosonsK,7 appear, which
in a variety of modelg4]. They give a wide range of pre- couple directly to the constituent qguarksl]. It has been
dicted masses, depending on the model. Realistic calculghown that the hyperfine splittings as well as the correct
tions usually predict a well-bound particle. In particular, ordering of positive and negative parity states in spectra of
the quark-cluster calculations suggest that the implications dparyons with valence,d ands quarks are produced in fact,
the color-magnetic interaction are radically different in two-not by the color-magnetic part of the one-gluon exchange
nucleon and in coupled Y-Y N systems. While in the former interaction(OGE), but by the short-range part of the Gold-
case the color-magnetic interaction between quarks gives rissione boson exchang@BE) interaction[10,12,13. This
to a strong short-range repulsion in theN system, in the short-range part of the GBE interaction has just opposite sign
latter, there appears either a soft attraction or a soft repulsioas compared to the Yukawa potential tail and is much stron-
at short-rang€5] when the linear combination of the coupled ger at short interquark separations. There is practically no
channels is close to a flavor-singlet state. This soft shortroom for the OGE interaction in light baryon spectroscopy
range interaction, reinforced by the medium and long-rangend any appreciable amount of color-magnetic interaction, in
attraction coming from the meson exchange between lambkaddition to GBE, destroys the spectrurh4]. The same
das, provides a bound state with a binding energy of th&hort-range part of the GBE interaction, which produces
order 10—20 Me\[6] or even 60—120 MeVY7]. However, a good baryon spectra, also induces a short-range repulsion in
simple quark-cluster variational basis, used in these calculghe NN system[15]. Thus it is interesting to study the short-
tions, is rather poor at short-range. While it is not so impor-range interaction in thd A system and the stability of tHe
tant for the baryon-baryon systems with strong repulsion aparticle in the GBE model.
short-range, this shortcoming becomes crucial for Ahe For qualitative insight it is convenient first to consider a
—NE -3 system, with the quantum numbers df As  schematic quark-quark interaction which neglects the radial
soon as a simple quark-cluster variational basis is properlgependence of the GBE interaction. In this model, the short-
extended, a very deeply bound state with the binding energyange part of the GBE interaction between the constituent
of about 250 MeV is found8]. guarks is approximated by

The existence or non-existence of tHeparticle has to be
settled by experiment. For approximately 20 years several o
experiments have been set for “hunting” theparticle. The V= —CX_E_ )\iF-)\jFGi oy, (1)
very recent high-sensitivity search at Brookha{éh gives =
no evidence for the production of deeply bourdthe pro- - o .
duction cross section being one order of magnitude belowhereX; with an implied summation over FF=1,2,....8
the theoretical estimates. are the quark flavor Gell-Mann matrices amdhe spin ma-
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TABLE |. Expectation values of the operat¢t) in C, units <SG[6]O[33]FS|H0+VX|S6[6]O[33]FS>
corresponding to the stat€s).
—2(s*[3]0[3]rs/Ho+V,[s*[31o[ 3]s

[flol fled fJoc (VpIC,

=4C+3/4hw=305 MeV, (6)
[6]0[33]rL222]0c —24 X
[42]o[411]rd[311Toc —24 where H, is the kinetic energy in the ®@ or 3Q system.
[42]0[33]rel 222] ¢ —24 While here and below we use notations of the shell model, it
[42]0[ 2211 42]oc 8 is always assumed that the center of mass motion is re-

moved. In deriving the kinetic energy, #&, we have ne-
glected the mass difference betwagend ands constituent
trices. The minus sign of the interacti¢d) is related to the  quarks. The pair-wise color electric confinement contribution
sign of the short-range part of the GBE interactiomich is  js exactly the same fos® configuration and for two well
opposite to that of the Yukawa potential Jaitrucial for the  separated?® clusters, so it cancels out.

hyperfine splittings in baryon spectroscopy. This simple estimate shows that the lowest “compact”
In an harmonic oscillator basi#,w and the constan€,  flayor-singlet &) state with quantum numberd®=0% |

implied by the schematic modél), can be determined from - s=—2 |ies a few hundred MeV above theA thresh-
the A—N and N(1440)—N splittings to beC,=29.3 MeV g,

and%w~250 MeV[10]. In a more quantitative calculation we use the Hamiltonian
The color- and flavor-singletuddssstates are described [10,17;

by the[222] and[222]: Young diagrams respectively. For

the S-wave relative motion of twe® clusters, the spatial 6 P2 (Sip;)?

symmetries of the @ system ar¢6] and[42]5 and for the H=2 m+ Z >m” 1om + E Veoni(Tij)

spin S=0 the corresponding spin symmetry[i83]s. The -1 ! =]

antisymmetry condition requirésf Jes=[f Joc, Where[ T ] .

is the conjugate of f ]. Thus, among the states given by the + E V(Tij) @)

inner products

where the confining interaction is
[33]sX[222)¢ = 33]gs+[411rs+[ 22105+ [1°]s,

) 3
Vconf(rij):_g)\ic')\?c Fij (8

6]oX[222|c=[222]g¢, 3
[6Jox[222)c=[2220c ® and the spin-spin component of the GBE interaction between

the constituent quarkisandj reads
[42]oX[222]c=[42]oc*[321]oct[222]c+[3111oc
3 7

T12111%0c @ V,(rij)= le Vﬂ-(Fij))\iF)\]F_I_FZ4 Vi(Tip AT
only the four states are allowed:
VANV (AN oo, (9)
11)=|[6]o[33]r222]0c)
where)°= 2/31 (1 is the 3x 3 unit matriy. The interaction

12)=1[42]0[33]r[222]0c) (9) includesm,K, 7 and ' exchanges. In the large; limit,
where the axial anomaly vanish¢46], the spontaneous
[3)=1[42]0[411]r3111]p¢) breaking of the chiral symmetrniJ(3), XU (3)g—U(3)y

implies a ninth Goldstone bosdi7], which corresponds to
5) the flavor singletp’. Under real conditions, wheid.=3, a
certain contribution from the flavor singlet remains and the
) ) n' must thus be included in the GBE interaction.
For each of these states the expectation value of the interac- | the simplest case, when both the constituent quarks and
tion (1) can be easily calculated in terms of the Casimirpesons are point-like particles and the boson field satisfies
operators eigenvalues for the groups(6)rs, SU(3)r and  he Jinear Klein-Gordon equation, one has the following spa-

SU(2)s using the formula given in Appendix A of Refl5]. g dependence for the meson-exchange poterftdlk
The corresponding matrix elements are given in Table |. One

|4)=1[42]0[2211]¢d 42]oc)-

can see that the interactioil) is attractive for the states . g2 1 I e Myfij .

|1)—|3) and repulsive fof4). This suggests that it is a good Vo (rij)= ﬁ Tomm | 5 [ —4ma(r)
approximation to restrict the basis|tby, |2) and|3) for the v N

diagonalization of a more realistic Hamiltonian. Keeping in X(y=m,K,n,7") (10

mind that the spatial symmetfy6], is compatible with the

6 i H -
s° configuration, one can roughly evaluate the energy of thevhere u, are the meson masses ag|ﬁ/47-r are the quark
lowest 8Q configuration relative to the & threshold as meson coupling constants given below.
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Equation (10) contains both the traditional long-range where R is a collective coordinate which is the separa-
Yukawa potential as well as &function term. It is the latter tion distance between the tva3 clusters,(H)g is the low-
that is of crucial importance for baryon spectroscopy and thest expectation value of the Hamiltonian describing the
short-rangeN N interaction since it has a proper sign to pro- 6Q system at fixedR and (H),=2m,, i.e., the energy
vide the correct hyperfine splittings in baryons and is becompf two well separated lambdas, obtained with the same
ing highly dominant at short range. Since one deals withygmiltonian.
structured particlegboth the constituent quarks and pseudo- |t has been shown by Harvdg0] that when the separa-

scalar mesonsof finite extension, one must smear out thetion R between twos® clusters approaches zero, then only
S-function in Eq.(10). In Ref.[18] a smooth Gaussian term two types of ) configurations survive:|s%[6]o) and

has been employed instead of téunction |s*p?[42]o). Thus, in order to extract an effective potential

at zero separation between clusters in the adiabatic approxi-

4775(Fij):> ia?) exp(— a2(r —r)?), (11)  Mmation, we diagonalize the Hamiltoniaf)—(12) in the basis
N of the first three states defined by E§). All the necessary
matrix elements are calculated with the help of the fractional
wherea andr, are adjustable parameters. parentage technique, also used in a study of the short-range
The parameters of the Hamiltonidi)—(9) are[18] NN interaction in Ref[15].
) ) 2 We find the lowest eigenvalue of the flavor-singlet state
Ima_9na_ 67 Iva_1 50 JP=0" to be 847 MeV above tha A threshold. According
A7 4m T 4w e to Eq. (13), there is a strong short-range repulsion in a two-
baryon flavor-singles= — 2 system in the'S, wave. It then
ro=0.43 fm, «=2.91 fm !, C=0.474 fm 2, definitely suggests that within the physical picture under dis-
cussion a compadtvell bound H particle should not exist.
=139 MeV, u,=547 MeV, The value of the repulsion given above depends on the
way the kinetic energy of the® system was calculated. For
M, =958 MeV, ux=495 MeV. (12 simplicity, in the kinetic energy term only, we considered

that theu, d ands quarks have the same mase=(4m,
+2mg)/6. We have also carried calculations in the extreme
limits m=m, and m=mg and obtained 1050 MeV and 531
MeV above theA A threshold, respectively. These extreme
values just prove that the strong repulsion persists in any

The Hamiltonian (7)—(12) with constituent masses, q
=340 MeV andm;=440 MeV provides a very satisfactory
description of the low-lying N and spectra in a fully dy-
namical nonrelativistic 3-body calculatidt8] as well as of
the strange baryon spectrd9]. However, this parametriza-

tion should be considered as an effective one only. Indeeoc,ase'. o , :
the volume integral of the GBE interaction should be zero This result is in a sharp contrast with results derived from

[13], while in the parametrization above this is not so be-the models based on the color-magnetic interaction. We con-
cause of the off-shift, of the “contact” term. In Ref[13] sider it as an additional evidence in favor of the GBE model.

a very good fit of the nonstrange and strange baryon spectrlgdee.d’ a deeply bounid particle is d.ef'T"te'y exCIUdEd by.
has been obtained in a fully dynamical calculation Withoutexpenment[9] and the color-magnetic interaction, at vari-
such an off-shift. There a relativistic kinematics for the con-2N¢€ with GBE interaction, implies a deeply bound state
stituent quarks has been used. Thus one should consider tmee introductiod.

above off-shift only as an artifact of the fit of baryon masses,, There _are 'suggesuons. that the . instanton-induced
with the nonrelativistic kinematics used in RE£8]. ('t Hooft) interaction inQQ pairs could be important for the

In principle it would be better to use the parametrizationhyperfine splittings in baryon21]. Assuming that this in-

of Ref. [13]. However, in applying the quark cluster ap- teracti(_)n is rgs_ponsible for the essential part of heN
proach to two-baryon systems we are restricted to use a noﬁ?’ peg‘!ne splltggg,_rtrr]]e ,tdﬁepll}t/ _btounbllt_ par ticle Sh?md
relativistic kinematics and & wave function for the ground aiso 'SapF’eaE_ l. The O_o Intéraction 1s very strong
state baryons. With such an approximation the nonrelativisti@nd attractive in the color-singlefq pseudoscalar channel
model of Ref.[18] works well. For example, the quantity and could be indeed responsible for the chiral symmetry
(AJH|A) reaches its minimum of 1165.4 MeV at an har- SPontaneous breaking in the QCD vacul@8] and be the
about 40 MeV above the result obtained in the dynamicathat the 't Hooft interaction contributes tpq pseudoscalar
3_b0dy calculations Oﬁlg] On the other hand, the nonrela- paiI’S, it is automatica”y included in the GBE interaction in
tivistic s3 ansatz is not compatible with the model of Ref. QQ pairs (the 't Hooft interaction could be responsible, at
[13]. Since in this paper we study only qualitative effects,!€ast in part, for the pole in the t-channeHowever, the
related to the spin-flavor structure and sign of the short-ranggdirect” 't Hooft interaction in qq pairs is rather weak.
part of the GBE interaction, we consider the nonrelativisticThere are also indications from lattice QCD that the “di-
approach as a reasonable framework. rect” instanton-induced interaction 1qq pairs cannot be
We calculate the potential in the flavor-singlet=—2  important for theA—N splitting. For example, the\—N
two-baryon system at zero separation between clusters in tHplitting disappears after cooliri@4] (only instantons sur-

adiabatic(Born-Oppenheimérapproximation defined as vive the cooling proceduje while it is appreciable before
cooling. There is also evidence from lattice QCD that the

V(R)=(H)gr—(H).., (13)  hyperfine splittings are related mostly ¢m excitations in
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baryons, but not to forces mediated by gluonic fieldgijiqn  found that there appears a strong short-range repulsion in the
pairs[25]. Simple symmetry arguments also show that thelS, partial wave. This strong short-range repulsion implies
“direct” 't Hooft interaction in QQ pairs cannot provide a that a deeply bounn nuclear scajeH particle should not
correct ordering of the lowest positive and negative parityexist. The same analysis can be extended toAthesystem
states in light and strange baryon spedtt@] [for baryon in all allowed flavor states. Then, similarly to theN system
spectra obtained in such a model in a nonperturbative cal-15], there will appear a strong short-range repulsion coming
culation see second paper of RE21]. From that paper, from the same short-range part of the GBE interaction. There
one can see, indeed, that the lowest positive parity exis however an attraction in thAA—X3—NZE system at
citations in all parts of the spectrunN€l440, medium- and long-range, coming from the Yukawa potential
A(1600,A(1600,%(1660, .. . — lie much above the nega- tail of the GBE interaction as well as from correlated two-
tive parity excitationd. pseudoscalar-meson exchange. At the moment, one cannot
One should also mention the QCD sum rule estimate foexclude that this interaction could weakly bintA in a
the H particle [26]. There it was shown that there is no molecule-like system of nuclear nature. However, in its ori-
gualitative difference between tiéN and theAA systems gin this attraction should be similar to the attraction in the
(including the flavor singlet channelwhich strongly sup- 1S, partial wave of theNN system, which is too weak to
ports our point of view. bind the system. A firm prediction of the existence or non-
Here we have considered the€Q6S=—2 system in a existence of a weakly bound A system of nuclear nature
flavor singlet state onlythe “H particle” channel and can only be made in a fully dynamical calculation.
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