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havior in t with a slope of 8.0*0.7 (GeV/c) in
excellent agreement with the value 7.36+ O. I4
(GeV/c) ' found in the literature for ~ p elastic
scattering at 4.16 GeV/c "and 9.0+ 0.6 (GeV/c) '
found at 3.9 GeV/c in our data. " The solid line
has a slope of 8.0 (GeV/c) '.

In conclusion, from examining the helieity-0,
unnatural parity exchange in both the p and ~
inclusive production, we find that p' production
in the beam fragmentation region seems to pro-
ceed by pion exchange, while in the central region
other mechanisms are dominant. For the u, all
exchange contributions are equally important in
all kinematic regions. A triple-Regge analysis
of the p' inclusive production in the appropriate
kinematic region confirms that pion exchange is
dominant and we extract the m trajectory. We
also find that off-mass-shell corrections are
small.
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A multipole expansion of the color gauge field is shown to yield selection rules and rate
estimates for hadronic transitions between nonrelativistic quark-antiquark bound states.
The non-Abelian character of the field is of critical importance in determining the selec-
tion rules for the leading ("allowed" ) transition.

One positronium-like hadronic system, the g
family, is now well established, ' and another,
the Y family, appears to be in the offing. ' Tran-
sitions within these families occur via photon
and/or hadron emission, as in g'-gyy and g'
-(mw. The former can be described with some
success by the concepts of atomic spectroscopy, '
but there is no comparable theory of the hadronic
transitions. I address this problem by drawing
on an analogy to another spectroscopic phenome-

non, the emission of atomic electrons (internal
conversion) and e'e pairs by nuclei. "

In the nuclear process lepton emission is
caused by the changing electromagnetic field of
the nucleus. As nuclear velocities A,re low, and
as nuclei are small compared to the wavelength
of the emitted leptons, a multipole expansion of
the nuclear field converges rapidly and thereby
provides selection rules and rate estimates. If
hadrons are really composed of quarks interact-
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ing via a. color gauge field, and the positroniumlike families are QQ systems, where Q is a heavy
quark of mass m, the analogy to the nuclear process is obvious: The QQ system moves slowly and
has dimensions small compa, red to those of the emitted light-quark (q) system. Therefore QQ can be
treated nonrelativistically, and a multipole expansion of the changing gauge field converges rapidly for
sufficiently large m.

Despite these analogies, there are essential differences between the hadronic and nuclear phenomena:
(i) Only statements true to all orders of perturbation theory can be taken seriously in such "soft" had-
ronic processes; (ii) QQ transitions of different multipole order emit quite different hadronic systems,
e.g. , 2m vis a vis 3~~. Because of these complications this is only a first step towards a complete the-
ory. Nevertheless, I shall show that only a handful of QQ operators govern these processes, that use-
ful selection rules exist, that scaling laws as a function of m hoM for all transitions, and that some
relative rates within the & family can be estimated.

To expose the gist of the argument I first ignore the transverse field A, . The instantaneous interac-
tion causing the transition is then

H, '=g' f[2 X,D(r 2p) —2&,*-D(r + zp)]s, (~) &'r, (l)

where s,(r) = 2q(rp X, q(x) is the light-quark density, z {&„&„p,v) and 2 (-&, , o'„-p, —v) are the color
matrices, spins, positions, and velocities of Q and Q, respectively, and D(x) =lj4wx. The multipole ex-
pansion takes the form III'=HI'+HI ", where

H, ' =Z.V.Il+O(p')],

Hz
"- G,p E, [1 +0(p') ]. (3)

I', =2(X, -A.,*) is a generator of SU(3) in the QQ subspace, while G, =2(X,+X,*) has' singlet-octet and

octet-octet QQ matrix elements. The form of V, and ~, do not concern us as they act only on q, and

the argument rests wholly on the properties of the QQ system.
Consider the process T,-TP, where T, 2 are both singlet QQ states uncontaminated by q pairs, and

~ is a&y hadron made of light quarks. The amplitude is

because color forbids a first-order transition. The Hl' abutting &, and &, must be III" because &I' an-
nihilates QQ singlets, but the other H; can be either H&' or H, ". As m increases, the QQ separation
p-0, so all these other HIO are replaced by H~' for a leading transition, whose amplitude is thus O(p'),
and has the form

=&&,IG.P f. g(&,)P f G ~T,&). (5)

This says that a dipole (HI") is needed to lift the initial singlet into an octet, where monopole interac-
tions between the QQ and q systems are possible, as described by g(E,) =(E, -H, H, ') '. Th-e octet
then returns to the final singlet by another dipole transition. The selection rules for such an "allowed"
transition are evident from (5): &S =0, &~ =0 or 2, S and I being the total spin and orbital angular
momenta of QQ. We shall, however, learn that in the complete theory (X& 0) this is not the leading
transition.

I now include X in the Coulomb gauge. Several interactions then arise: (i) a, coupling H~ between
X and QQ whose form is familiar from electrodyna, mics; (ii) an A-dependent instantaneous interaction
H~ involving QQ; a.nd (iii) couplings H, ~ that do not involve QQ at all.

I separate II~ into convection and spin parts; to lowest order in v and p these are

Hq = 2 gGg v' X~)

H ~ = (g/4) m G,{cr,-0'2) ' [&x A, —2 gf, g, Ag && X,],

where X.= X.(~ =0).
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The interaction H~ has two terms. The first couples Q m Q to q(r) and A„and replaces (1). lts
multipole expansion ha, s precisely the form (2) and (3), with V, and h, replaced by operators that de-
pend on A as well as q. The other part of Hz is the X-dependent QQ intera, ction

Hqq= xg GcLifacc&zPI@at I zP&+dasc&zPIC'ay+I zP&] ~qg &zPIC'aa I
—zP& ~

Here O' =D(1-KD), which is a matrix equation wherein

&x(D,q(y& =b,aD(x -y) and &x~Kaq~y& =g (x y)f-,~,X, &„
while

&x I4'.~'ly& = & lc.cl y& + (x-y).

(8)

H@ plays two roles. In combination with &,& it provides a set of graphs which, for large m, suppos-
edly generates a static QQ interaction. ' These are to be incorporated into the ~T;& and the "unper-
turbed" Hamiltonia, n H, of Eq. (4). The remaining graphs contribute to the transition.

The expansion of Hqq is now obvious: C" (C' ) has even (odd) powers of P, and therefore'

Hqq =G,fI, +P F, + P;P, T,"]+P;P;U"iO(P'). (9)

It is essential to recognize that though I„W„
T,", and U" are complicated functions of the op-
erator X„they are merely c-numbers in the QQ
sub space.

The terms that contribute to a transition of low
multipole order are thus (6), (7), (9), and (3),
with Z, generalized in the manner indicated. I
now establish their relative magnitude when m
is large. ' To this end I assume that the observa-
tion' m ((')-m (g) = m (T ') -m (T ) implies that for
the mass range of present interest'0 the charac-
teristic QQ period, p/v, is roughly m indepen-
dent, and therefore p and v, the characteristic
radii and velocities, have the same nz depen-
dence. " Thus v'X, and p'(E, +&,) are both
O(P'), and for that reason I define the "electric"
dipole operator

H„=G,[$ (Z, y 7,) + —,
'

gv X,]. (10)

To build an amplitude, return to (4). Both the
first and last H are now one of the terms in (7),
(9), (10). The leading ("allowed" ) amplitude uses
G,I, to reach the intermediate octet, and H& to re-
turn, "or vice versa":

iaaf,»„„-&v, ~ Gg, 8 (Z,)H„~TP&.

Here the resolvent g includes all interactions
(such as Ha~) that couple the intermediate QQ
octet to q and X,. Equation (11) is depicted in
Fig. 1(a). Thus the leading transition is of order

p, and satisfies &L =1, &S =0. Observe that the
very existence of (11) depends on the non Abelian-
instantaneous interaction, and that the leading
transition (5) in the L= 0exercise gvas O(pz) and-
therefore had different selection rules.

To illustrate the power and limitations of this

approach, consider two superficially similar
transitions in the T family, "2'P-1'S+3m (al-
lowed), and 3'S-1'S ~3~ (&L =0, &S =1). The lat-
ter requires H, to be used once, and" either
G,p; p; T,"once or H& twice. Thus

I'(3'S- 1'S+ 3m)

P(2 ~ 1 S 3 )
( P) ( / ) (12)

(b)

{c}

FIG. 1. Time-ordered graphs for Y,—&2A,. Heavy
and light straight lines represent Q and q, respectively;
dashed lines, D(x); and wavy lines, transverse gauge
mesons. In (» Ia Ga acts at t, ~ +v at t2& yielding a 2 L
= I, M = 0 amplitude. In (b) Ha acts at t„p8 at t„
giving aAL =1, AS= 1 transition. For t, &t&t2, QQ
is in an octet, and HI monopoles proportional to I"~
and G, can act, say at t 3. In (c) U" produces a direct
singlet —singlet transition, with ~ = 0 or 2, M = 0.
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where k is a typical loop momentum in Fig. 1,
which I take as p GeV, and" p 1 GeV '. Unfor-
tunately the large ratio in (12) is not the whole
story: The transitions in (12) lead to different
3m states, and also have different phase-space
factors.

Currently the transition of central interest' is
Y'- Ymm, i.e. , &L =&S =0. Several operators con-
tribute: p; p,. U" can produce the transition direct-
ly [Fig. 1(c)], but so can the combinations (I„
p; p;&q"), and (&z, &q) A.ll of these amplitudes
are therefore" O(p'). The m dependence of the
rate also depends on the m dependence of the dis-
tance to the Okubo-Zweig-Iizuka threshold be=
cause the intermediate states in (5) and (11) are
virtual decays into hadrons carrying the flavor of
Q. It appears" that this distance is a very weak
function of m, and I therefore assume the domi-
nant m dependence to stem from the explicit fac-
tors of p. Thus &I- =~S =0 transitions vary like"
rn, and similar scaling laws hold for all transi-
tions. If the asymptotic m ' law is already valid
for g's then' I'(Y'- Ywv)=10 keV.

Thus I have shown that the QQ facet of these
phenomena is quite tractable, and that the mul-
tipole expansion leads to a number of testable
predictions. " Nevertheless, it is equally clear
that a complete theory must explain how a par-
ticular multipole field converts into light hadrons.
Concerning this I plead total ignorance.

It should be possible to extend the approach
presented here to any process where a very
small color-neutral object interacts with conven-
tional hadrons, the most obvious examples being
the photoproduction and nuclear scattering of
massive QQ states.

I am indebted to E. Eichten for innumerable
suggestions, and thank T. Kinoshita and F. %il-
czek for helpful remarks. This work was sup-
ported in part by the National Science Foundation.
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