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We show that the QCD van der Waals attractive potential is strong enough to Bimgegon onto a nucleon
inside a nucleus to form a bound state. The direct experimental signature for such an exotic state is proposed
in the case of subthresholfl meson photoproduction from nuclear targets. The production rate is estimated
and such an experiment is found to be feasible at the Jefferson Laboratory.
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It has been suggestdd] that the QCD van der Waals interaction is expected to be enhanced by {my)3, i.e.,qq

interaction, mediated by multi-gluon exchanges, is dominangeparation cubed. frorac to ss. Since the radius of the

when the interacting two color singlet hadrons have no COMz ason is(0.4 fm [7]) twice the radius of thel/¥ meson,

mon quarks. In fact, the QCD van der Waals interaction ISe=1.25 is a rather conservative coupling constant to use for

enhanced at low veloqty_as_has been shown by ITUI_(e’ Man%e ¢-N interaction. Also, the interaction is expected to have
har, and Savage?]. This finding supports the prediction that —
a nuclear-bound quarkonium can be produced in charm prd®"ger range for theb-N system than that of thec-N inter-

duction reactions at threshold, and the interpretation that th&ction- Thusu=0.6 GeV used in the variational approach
structures seen isg*%a/dt(pp— pp) and theAyy Spin cor- described above is also conservative for ¢\ interaction.
relation atys~5 GeV and large c.m. angl¢8] can be at- Further, this attractive force is enhanced inside the nucleus in

. — . . the quasifree subthreshold photoproduction kinematics.
tributed toccuuduudresonant stategt]. If these interpre-

. Hence, a bound state @i-N is possible from the attractive
tations are correct, then analogous effects could also b

expected at the strangeness threshold. The objective of th| cr:i?e\éagndtﬁ; YZS@E ifno;(r:]: fuotﬂ:gg]uahtatlve finding can be

Rapid Communication is to explore this possibility.

We are motivated by the investigation of the nuclear-
bound quarkonium by Brodsky, Schmidt, and deafeond
[1]. They used a nonrelativistic Yukawa-type attractive po-
tential V(qga= — @& #'/r characterizing the QCD van der
Waals interaction. They determined theand . constants
using the phenomenological model of high-energy Pomero
interactions developed by Donnachie and LandsHaiffUs-
ing a variational wave functio® (r)=(y% m)Y%e~"", they
predicted bound states of. with *He and heavier nuclei.
Their prediction was confirmed by Wass[#] using a more

Experimentally, it is possible to observe the formation of
a bound states-N in the subthreshold quasifref photopro-
duction process. The incoming photon couples to a moving
nucleon inside the nucleus. Thk meson can be produced
near rest inside the nuclear medium in the laboratory frame
when the initial nucleon is moving in a direction opposite to
that of the incoming photon. The attractive QCD van der
Waals force between thé meson and nucleons inside the
residual nuclear system enhances the probability for the for-
mation of the¢-N bound state. It is thus possible for a bound
o - ) . . state-N to be formed inside the nucleus in the quasifree
realisticV o) potential taking into account the nucleon dis- subthresholdb production process from a nuclear target. The

tribution inside the nucleus. - .
e . experimental search for such a bound state would be a triple
Similarly, one expects the attractive QCD van der Waals b P

¢ dominates thes-N int " : h . coincidence detection of kinematically correlatiéd, K,
orce dominates they-N interaction since thes meson Is and proton in the final state. The momentum distributions of

almost a puress state. It is possible that @-N bound state  these final state particles are different from those from un-
or resonant state can be formed in some reactions. In phot@yynd quasifree¢ production and the direct quasifree
production of¢ meson from a proton target above threshold,k +K ~ production. Thus, it is possible to identify a bound
the formation of a bound-N state is not likely because of .N state experimentally using the above mentioned triple
the momentum mismatch between tieand the recoil pro-  coincidence measurement. Such an experiment is feasible at
ton. As SUCh, no expel‘imenta| eVidence eXiStS on the formajefferson Laboratory Where advantages Of the Continuous_
tion of the ¢-N bound state up to now. On the other hand,ave electron beam, high luminosity, and the state-of-the-art
such a¢-N bound state could be formed inside a nucleus. Indetector package will be utilized to their full capabilities.
this Rapid Communication, we will verify this possibility The rate estimate for such a measurement is described below.
and make predictions for future experimental tests. We assume that the photoproduction ofgaN bound
Using the variational method and following Réll] to  state, calledt, from nuclei is a two-step process and can be
assume/ gy = — @e'/r, we find that a bound state ¢-N  evaluated in the impulse approximation. The reaction mecha-
is possible witha=1.25 andu=0.6 GeV. The binding en- njsm is illustrated in Fig. 1. We consider the production on a
ergy obtained is 1.8 MeV. Our results should be comparegy.shell nucleus, such a¥C, and assume that its structure
with «=0.6 and ©=0.6 GeV determined by Brodsky, can be described by the simple shell model with harmonic
Schmidt, and de Tramond[1] for the cc quarkonium. The oscillator wave functions. By using the closure to sum over
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FIG. 1. The graphical representation of the quasifree process

discussed in the text.

the intermediate A— 1)-nucleon states, the reaction ampli-
tude for A;(y,d)A; can be written in the rest frame of the
initial nucleusA; as

T+(pg.p.:0.E)
-| dIZL;B Bl p+K—) (Pu—F)

XF(pg;k,(pg—k))
1
X > = -
E-Ea-1(g—p—K)—E4(k)—En(p)tie
xt(k,p;q,(p+k—0q)),

D

whereE (k) =[m2+k?]? is the energy for the particle

with momentumk, t(k,p;q,p;) is the amplitude for the
v(q) +N(p1)— d(k)+N(p) transition, F(pg:k,p,) is for
the ¢(k) +N(p,) —d(pg) transition, ands,(p) is the nor-
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FIG. 2. The calculated total cross section for the formation of
the ¢-N bound state as a function of the photon energy. The
dashed, solid, and dotted curves arefor 2, 3, 4 fm, correspond-

ingly.

fit the available data. We find that té®(w) from threshold
up to about 1.7 GeV can be fitted bty(Q,q;)~0.5
X108 (MeV) 2

For ans-wave intermediate)-N state, thepN—d ampli-
tude can be written

R

(27T)3/2
"
(4)

whereQ' is the relative momentum of thé-N subsystem,

F(pqg:k,p2)=

si r ,
2dr r(Q )[e7A2Q2

Q' Visgn(r) W (r),

malized harmonic oscillator wave function. The total energythe van der Waals potentifsgn(r) and the normalized

is E=E;+q, and E; denotes the energy of the initial
nucleus. Noting thap;=p-+k—q and p,=pq—k, Eq. (1)
can be easily identified with Fig. 1.

We consider the energies near and below ¢hproduc-

wave functionW(r) for the bound statel have been deter-

mined from a variational calculation, as discussed above.
. . 12

Here we have introduced a cutoff functien*®? * to assure

that the bound$®-N system can be formed by the van der

tion threshold. It is then reasonable to assume that the intefg/aals potential mainly in the region that the relative motion

mediate®-N is in s wave and its transition matrix elements
can be simplified as

1
t(k,p;9,p1)~ 7 —10(Q.90), )
wherety(Q,q.) is the on-shellyN— ¢-N amplitude in the
center-of-mass frame of thgN subsystemg. is the relative
momenta of theyN subsystem, an@ is the relative momen-
tum of the ¢-N subsystem. We can estimaigQ,q.) from
the total cross section ofN— ¢-N defined by

tot 4 2

0% (@)= —5 palto(Q.de)[*pq,s ()
dc

where o=d.+En(qc) =E4(Q)+EN(Q), the density of

states  are pq_=mq2EN(A)/(Ac+En(a:)  and  pq

predicted by the model of Ref9] which was constructed to

betweeng® andN is slow.

Neglecting the recoil energy of the final nucleus, the dif-
ferential cross section o4;(y,d)A; can be calculated from
the reaction amplitude defined above:

dpddeN(ZW)‘lngN(p)pJ dQ| Tri(pap;a.E)[%, ()

where p is evaluated from energy conservatigp- Amy
=En(p) +Eq4(pg) + (A—2)my and the binding energy is ne-
glected.

We have applied the above formula to calculate the pho-
toduction of a¢-N bound stated from 2C. The oscillator
wave function parameter is chosen totbe1.64 fm. Figure
2 shows the calculated total cross section as a function of the
photon energy and the cutoff parametér, For a givenA
value, the total cross section peaked around a photon energy
of 1450 MeV, below the free production threshold of 1570
MeV. This peaking of the cross section below the threshold
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is expected because of the enhancement of the van der Waalscleon may complicate the simple picture of gluonic van
attractive force when the relative velocity between the interder Waals interaction being the dominating interaction be-
mediate ¢ and nucleons in the residual nuclear system iscause of the possible strange quark exchange contribution.
smallest. The cross section drops as the photon energy irFhus, the experimental search for teN bound state will
creases and reach 0.008 nbEgt=1800 MeV. At a photon  not only help to unveil the nature of the QCD van der Waals
energyE,=1450 MeV, the calculated total cross section isforce, but may also help to probe the strangeness content of
found to be 0'°'=1.4 nb for a rather large cutofd  the nucleon.
=3 fm. _Thus the production of thé®-N is only accessible In conclusion, we found that the QCD van der Waals
at energies below and near threshold. attractive force is strong enough to form a boupdN state
Based on the total cross section calculated above, thggige the nucleus. Experimentally, it is possible to search for
search for th.ei)-.N bound state is feasible efpenmentally BY such a bound state using téemeson below threshold qua-
the triple coincidence detection of proto,”, andK™ as sifree photoproduction kinematics. Using a simple model, we
Ralculated the rate for such subthreshold quasifree produc-

described previously. Using a large acceptance detector sy
tem and a luminosity of 1¥/cn?/s from an untagged photon ) - .
t{on process using a realistic Jefferson Laboratory luminosity
n X
nd a large acceptance detection system. We conclude that

beam at Jefferson Laboratory, the triple coincidence eve

from the ¢-N bound state decay is estimated to be abouf* ; . :

180/h at a subthreshold kinematics with an incident photor?UCh an experiment is feasible.

energy of 1450 MeV. An average flight pathzm for kaon

detection, and realistic detector efficiencies were used in the e thank A. Bernstein, S.J. Brodsky, N. Isgur, K.-F. Liu,

above rate estimation. R.J. Holt, B.-Q. Ma, and G.A. Miller for stimulating discus-

In the case of thel/y-nucleon scattering, Brodsky and sjons. We thank the hospitality of the National Taiwan Uni-
Miller [10] conclude that the gluonic van der Waals interac-yersity where part of this work was carried out. This work
tion dominates the scattering. The hadronic corrections tgyas supported by the U.S. Department of Energy under Con-
gluon exchange which are generateddy andDD inter-  tract No. DE-FC02-94ER40818, and also by U.S. Depart-
mediate states of th# s are shown to be negligible. For the ment of Energy, Nuclear Physics Division, Contract No.
¢-nucleon system, the “intrinsic strangeness” in the W-31-109-ENG-38.
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