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We explore the possibility that the intercepts of the nonstrange meson and baryon Regge trajectories are

simply related to quark spin. This possibility arises if one adopts a multiperipheral bootstrap for these

(ordinary) trajectories and also a perturbative recipe relating a process with a given number of particles to
quark-gluon diagrams. The possible implication of the scheme for the Pomeron are also discussed.

I. INTRODUCTION

In a recent letter' we have syeculated that a sim-
ple correspondence exists between quark-gluon
diagrams and Regge exchanges leading to predic-
tion of some of the intercepts and properties of the
various exchanges. The two-gluon model for the
Pomeron was independently suggested by Low' and
its space-time picture extensively developed.

The purpose of the present paper is to cia, rify
our basic approximation scheme, to explain in

more detail the results of Ref. 1, to add some
more applications, and, finally, to try to relate
the present attempts to the various recent devel-
opments in more basic approaches to the quark-
gluon theory, in dual S-matrix theory and more
semiphenomenological approaches like the MIT
bag model.

The plan of the paper is the following: Section
II describes the various motivations and the ap-
proximation scheme. Sections III and IV describe
the calculations of leading meson and baryon tra-
jectories. Section V describes some further re-
sults on multiplicities, and exotic and nonleading
trajectories which we believe to be more model-
dependent and less reliable. In Sec. VI we con-
sider application of the simple rearrangement:
recipe for g physics and find no difficulties there
as well. The last two sections, VII and VIII, con-
tain the scheme for the Pomeron and some con-
cluding remarks.

-g„/p&, o„,(rnB)/o„, (Bll)] being consistent with
SU(6)-symmetric wave functions or simple quark
counting. In order to reconcile the symmetric
three-quark model for baryons with quark Fermi
statistics, another SU(3) (color) was introduced
with the requirement that all physical states be
col.or singlet. ' Color explains also the zero-
triality rule and helps us to understand the had-
ronic e'8 cross section and m' —2y decay. '

Non-Abelian gauge theories are the only renor-
malizeable theories which are "asymptotically
free", ' thus offering an explanation of Bjorken
scaling and, one hopes, also an explanation for
the pattern of its violation. Even more intriguing
is the complementary phenomenon of increasing
coupling constant at large distances. It was widely
conjectured, proved in two-dimensional models, '
and indicated in the four-dimensional-lattice' ver-
sion of the theory, that this provides a mechanism
for quark confinement. The postulate of existence
of only color-singlet physical states may thus find
its expla. nation within the model itself. All this
encouraged many theoreticians to adoyt the follow-
ing gluon-qua, rk Lagrangian as a viable candidate,
one hopes, for the Lagrangian of strong inter-
actions:

Z „..., =q "(y"D„-m.)q', +-,'G„„'Gl",' "~, (l)

where fj (a) are color (flavor) indices, respec-
tively, G&,', are the gauge field strengths, and D„,
the covariant derivative

II. MOTIVATION AND THE APPROXIMATION SCHEME

Most of the known hadronic spectrum can be de-
scribed as Q'q andqqq bound states, where q is a.

spin--,' fermion transforming like a fundamental
representation of the classification ("flavor" )
group —SU(3) or SU(4). Local quark current alge-
bra and the observed scaling in eN and vX deep-
inela, stic scattering strongly favor pointlike spin- —,

'

fractionally charged (or Han-Nambu) quarks. Fur-
ther support comes from various ratios [e.g. ,

Duq ~ =~~q~ +g

includes the coupling g.
The quark masses m, are taken very small for

the nonstrange quarks. The theory therefore has
an extra. SU(2),„„„symmetry. The quark masses
may represent weak- interaction effec ts so that the
pure hadronic Lagrangian is scale-free and con-
tains only one dimensionless coupling constant.

This extremely succinct formulation at the
quark-gluon level contrasts with the many diverse
concepts employed in S-matrix phenomenology,
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such as Regge behavior, duality, and multiperiph-
eralism. To explain all these concepts and pre-
dict all hadronic parameters from the Lagrangian
is an extremely ambitious undertaking. We would
like to note that if we start from the basic pre-
mises of S-matrix theory, analiticity and unitarity,
and demand that these (and, in particular, the re-
sulting high-energy bound) be perturbatively im-
plemented in field theory, we are forced to re-
normalizeable theories. The choice of non-Abelian
gauge theories is then a slight further restriction
due to the requirement of asymptotic freedom.

Thus, without workable approximation schemes
the content of the Lagrangian may not be much
more than that of some fundamental S-matrix the-
ory or a shorthand for all known symmetries.
Various nonperturbative variational, semiclas-
sical, ' and larger-lq (Ref. 10) [for color SU(iV')] ap-
proximations are being developed. In the following
we adopt a more pragmatic approach and assume
the following:

(i) The S-matrix multi-Regge description (for
high-s small-transverse-momenta region) and the
quark-gluon description are simultaneously valid.

(ii) Planar duality and a simple qq(qqq) picture
of bosons and baryons are correct.

(iii) Gluon exchanges can be treated perturba-
tively except when we are using such exchanges in
order to bind qq or qqq to color-sing1. et states.

Clearly (iii) is the strongest and most ill-defined
among our assumptions. It means that in trying
to generate a given hadronic S-matrix process in

terms of quarks and gluons, the lowest-order dia-
grams consistent with the initial and final states
will be chosen. The familiar Zweig rule suppres-
sing a Q-px annihilation diagram [Fig. 1(a)] rela-
tive to a lowest-order (one-gluon) planar p-RR

Ah&~'~hvw
JW~

decay [Fig. 1(b)] is clearly consistent with assump-
tion (iii). Figure l(b) serves also to illustrate the
distinction between the nonperturbative binding
gluons in the initial and final p and wm states and
the perturbative (heavily drawn) gluon which plays
no obvious binding role but is essential to achieve
the extraqq pair in the final state.

Similar separation of perturbative from nonper-
turbative aspects of a gluon theory occur in other
approaches. Thus in the MIT bag model gluon
exchanges between quarks inside the bag and their
effect on hadron masses are treated perturbative-
ly —the bag itself being the reflection of the nonper-
turbative confining force. Here we do not employ
any detailed space-time picture but instead make
the more formal assumptions (i) and (ii).

III. LEADING-MESON- TRAJECTORY INTERCEPTS

For roughly parallel Regge trajectories (with a
slope n'= GeV ') the intercepts cE, (0) fix the ha-
dronic masses. It has been speculated that con-
sistency requirements will restrict the intercepts
in the framework of dual models. This is indeed
the case for the covariant string model, "where,
unfortunately, the values 2 and 1 are bigger than
the phenomenologically (and theoretically) pre-
ferred n~(0) = 1, n~(0) = s, where o,„indicates the
leading (p f' + A, ) m-es-on -trajectory.

The Pomeron intercept oR(0) =1 has a simple
geometrical interpretation in terms of scattering
from a fixed (grey or black) disk, and it was con-
jectured's that n~(0) =-, has a similar geometric
interpretation. This may actually be realized in

the string model where the Pomeron (ordinary
Reggeon) trajectory may correspond roughly to
intersecting (touching) string configurations.

Al. l this suggests that quantized values for some
of the intercepts may not be spurious and attempts
to calculate them from a quark-gtuon picture may
be worthwhile. Let us consider building the meson
trajectory ("fo" exchange) from a multi-Regge
multiple-production process [Fig. 2(a)]. To be
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FIG. 1. The quark-gluon diagrams for Q —p~[(a)] and

p -7r~ t(b}] decays.
FIG. 2. (a) The multi-Regge diagram. (b) The corre-

sponding multigluon ladder. (c)A bremsstrahlung diagram.



248 S HMUEL N USSINOV 14

specific we wiLL imagine working in the planar
dual-bootstrap framework of Veneziano and co-
workers, " i.e., we assume that the planar f'
trajectory can be generated self-consistently from
planardiagrams. Thus the couplings G„' of the
exchanged Reggeons [the same n„(t)] in Fig. 2(a)
to the produced mesonic clusters need not be the
same as the G„„,,', the full coupling strength in-
cluding nonplanar configuration which is relevant
to generating the Pomeron [in particular Lee"
and Veneziano" found that

&01) p1

arises naturaLLy within the model and in a weak-
coupling limit this leads to o.~(0) = 1]. In a weak-
coupling (Chew-Pignotti) approximation the rele-
vant cross section for»-cluster emission is

(G' lns)", „(o),
»! (4)

n'„"'(0) =2m~(0) —I +G'

so that in particular if a bootstrap condition is
imposed

G„,
' = 1 —n„(0)

(6)

For our purpose the bootstrap condition and the
detailed weak-coupling approximation will not be
important.

Going over to the quark-gluon picture next we
realize that the "planar part" of the meson-meson
amplitude corresponds to the planar duality dia-
grams, "which originally served just as a mne-
monic to the Chan-Paton scheme, or for having
nonexotic "resonances" and Reggeon exchanges.

We would like to use planar diagrams like these
with gluons exchanged between the quarks [ leaving
flavor SU(3) quantum numbers to flow along the
quarks on the periphery] interpreted as ordinary
Feynman diagrams in order to investigate the
dynamics of these processes as well.

The fact that planar Feynman diagrams may
play a dominant role, in a large N [of SU(N)„~ ]
limit was pointed out by 't Hooft' and later utilized
by him" to obtain the qq spectrum in the one-
dimensional case from a Bethe-Salpeter equation.
Our main as sumption (iii) and the r equi rem ent

We note that the coupling G' is not a pure tri-
linear coupling like g~y~'(4v =14, but that it in-
cludes factors from integrating over transverse
momenta. They still are dimensionless quan-
tities determining the density per rapidity inter-
val of the produced clusters and, in particular,
the energy dependence of their average multiplicity

»,„„„,= const+ G' Lns.

Summing Eq. (4) over all n we find

(b) (c)

FIG. 3. The dressing up of the gluon ladder to form the
multi-Regge process.

of correspondence in this case to the multi-Regge
diagram make the gluon ladder diagrams, Fig.
2(b), the relevant planar diagrams. A Priori the
same number of qq hadronic clusters could be
produced in the same order from other planar
but nonladder diagrams. Thus we could have
bremsstrahlung-type diagrams [Fig. 2(c)] with
a finite fraction of the gluons emitted from the
horizontal on-going quark lines. Since these gluons
have to rearrange into a multiperipheral hadronic
final state the total rest mass carried by them
is very high, which implies that the quark lines,
and, in particular, the first one which emerges
directly from the incident hadron, will be very
much off sheLL. This would lead to very strong
damping since we know from precocious scaling
that quarks inside hadrons are not very far off
shell. " The correspondence between the (n —1)-
gluon ladder diagram (for the specific case of
» =3) and the multi-Begge process for»-cluster
production is illustrated in Figs. 3(a) through 3(d).
Each gluon splits into a qq pair. These pairs are
in a color-octet state so that they cannot trans-
form directly to physical clusters. The trans-
formation into a physical state occurs via a re-
combination (for the qq color-singlet part) be-
tween a quark originating from one gluon and an
antiquark originating from a neighboring gluon,
and, in particular, the original q' and q which
came from the initial state participate in forming
the upper (fastest) and lowest (slowest) meson
clusters in the final state. The combination into
a qq bound state involves a nonperturbative many-
gluon exchange. We also dress up the original
perturbative quark-gluon diagram by allowing
many exchanges (also nonperturbatively) between
neighboring qq lines in the t channel; thus, finally,
we reproduce an S-matrix picture with Regge
exchanges and particles in all channels.

The assumption that we make here is that the
computation of the contribution to the forward
imaginary ampl. itude can be made at the pertur-
bative quark-gluon level by taking the discon-
tinuity of ladder diagrams 2(b); i.e. , the dressing-
up process Leaves it essentially invariant. This
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is reminiscent of the procedure used in the quark-
pa, rton model to compute in the quark basis the
imaginary part of the forward Comptom amplitude.
The important extra assumption (iii) used here
a, llows us to make this correspondence for each
n-particle state. The (n —1)-gluon [or the n-(qq)-
pair] ladder gives the following contribution in
the weak-coupl. ing limit:

sistently at o.'„(0)= 2, we conclude

g2 G2 1 (13)

Note, however, that unlike (13) the result on the
trajectory intercept does not depend on the weak
coupling, i.e. , the no-correlation approxima-
tion. If correlations between the emitted parti-
cle clusters and/or quark pairs occur, then Eq. (6)
and Eq. (10) should be changed to

[g'(ln s)]"
nr

(8)

o.«~ =2m„—1+ G'+F(G'),
~«t =2S —1+g'+ f (g ),

(6')

(10I)

6&„,„,- const+ g'ln s . (9)

If we allow the quarks to Reggize (by including
self-energy diagrams which we have so far ne-
glected), then S, = —,

' is to be replaced by some
trajectory intercept n, (0). However, we will con-
sider in the following only the nonstrange mesons
and quarks. Since the latter are effectively mass-
less, o, (0) = —,

' anyway.
Summing (8) over all n (in the lns- « limit)

yields an output trajectory

n "'(0) =2S, —1+g'.

Our correspondence between the gluon and cluster
emissions requires in particular that their average
number will be the same, so that comparing Eqs.
(5) and (9) and letting In s-«we find

as a minimal requirement for the consistency of
our approach. Using this and comparing the out-
put trajectory computation in both pictures Eq. (6)
and Eq. (10), we find

o~(0) =S, =— (12)

a result which does not actually depend on the boot-
strap approach or on the particular value of o.o~'(0)
resulting from the calculation.

If we demand, however, that o.'„"'(0}is also con-

We note that the detailed wave functions of the col-
liding particles are not important for our present
purpose though they would appear, e.g. , in com-
paring p versus p' scattering and in absolute de-
termination of the cross sections. The question
of interest here is only the high-energy behavior
of the diagrams and it is fixed by the spin--,' ex-
changed fermion and our assumption of multiperi-
pheral-type mechanism. The s ~ ' factor reflects
the iterated exchange of fermions with S, = —,'.
(g'lns)"/n! is the standard Poisson form for in-
dependent n-gluon emission over a rapidity inter-
val lns and an average multiplicity

where the various (short-range) cluster (qq) cor-
relations are given by the derivatives at x =0 of
F(x) [f(x)], respectively. Our assumption on the
correspondence between gluon and particle clusters
implies not only the equality of average numbers
(g2 =G') but of all moments of the distribution as
well, and hence also

F(G') =j(g'),
and o ~(0) = —,

' can be obtained from comparing (6')
and (10'). An alternative approach of using speci-
fic exclusive n-gluon (or n-cluster) processes has
been used by us earlier. ' A particular advantage
of this is that by going to high energies, multi-
Regge diagrams [Fig. 2(a)] with the leading tra-
jectory can be selected. Note that in a pure boot-
strap approach monleading trajectories do indeed
pose a severe problem, since all. nonleading, e.g. ,
pion, trajectories have to be inc.'uded as well. We
will return to the problem of nonleading trajec-
tories later on (Sec. V).

As will be seen later, we can interpret the
Pomeron as diagrams involving gluon exchanges
in the f channel. The supression of ordinary (qq)
trajectories does reflect then in our diagrammatic
approach the supression (due to spin--,' propaga-
tors) of diagrams in which the qq lines have to
propagate all the way along the t channel and are
not allowed at any point to annihilate into gluons.
It is precisely diagrams of this kind which can
convey charge and, in general, flavor quantum
numbers between the colliding particles. Thus we
have a specific realization of the suggestion" that
the experimentally observed short-range charge
correlations supress the "unitarity overlap" con-
struction of charge-exchange amplitudes.

IV. THE LEADING BARYON TRAJECTORY

Simple arguments suggest that the (3q) baryons
are heavier than qq mesons. This does not neces-
sarily involve the intrinsic quark mass, which is
essentially zero for the nonstrange quarks pres-
ently considered, but it could involve the kinetic
energy of the confined quarks. To see how the
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present approach contains a quark-counting rule
which supresses the leading baryon trajectory
versus the leading meson trajectory, let us, in
analogy to Sec. III, consider a process involving
baryon exchanges, i.e. , the annihilation into n-
mesonic clusters of Fig. 4(a).

It behaves like

s2 e (0}-1[(G (1~)]
BB nclus ters n / (15)

A~, „,„=s4~' 3(+r2I-ns)n/n I (16)

The basic assumption on gluon-quark-pair-clus-
ter correspondence forces g"=G" on us again,
gnd hence

ns (0) = 2S, —I = 0.

Note that again this prediction does not depend on

where A indicates a planar approximation that is
the part generated from the planar Feynman quark-
gluon diagrams, as indicated in Fig. 6(b). These
diagrams behave like

the actual value of the sum of qqqq ladders,

gA~'(8a - ) =s'" "'
1++z2 (18)

n, „,= os(0)+ n„(0) —1+G', (19)

where again G' is some effective coupling to a me-
sonic cluster. Only diagrams in which the meson
and baryon trajectory continue all along the sides
of the trajectory are considered so that no baryon-
ic clusters are produced in the s channel. Such
diagrams correspond, according to our recipe, to
the planar ladders of Fig. 5(b) with the quark lines
at the periphery. These sum up to yield a power
behavior

Also ns(0) =0 need not depend on a specific weak-
coupling approximation, in the same way that o.„(0)
= 2 does not.

As in Sec. III, o's(0) =0 is the prediction for the
inter cept of the leading bar yon tr aj ectory which
will be identified with the completely spin-aligned
(like the p meson) b. state. Indeed, if we take the
trajectories with slope n' = 1 (GeV '), then o.'~(0)

3
2 —(x 'B2g = 0 and n„(0) = —,—a'M„' = —

& is non-
leading. Note that in this case it is difficult to uti-
lize the data on backward wN scattering because of
the possible much-larger coupling of N exchanges.

We can also compute o.s(0) by considering back-
ward baryon scattering. The multi-Regge dia-
grams considered are shown in Fig. 5(a) and yield
an output trajectory

Qo„t = 3S —2+g y (20)

(b)
where g is the effective coupling relevant to this
case. Equating (19) and (20) with g'=G' as a cor-
respondence requirement we find

ns (0) + o.'„(0)= 3S, —I = —,', (21)

'WWWVA

(d)

(a) (b)
FIG. 4. (a) BB annihilation into meson clusters. (b),

(c), (d) Generation of annihilation S-matrix diagram from
the quark-gluon diagrams.

FIG. 5. (a) Multi-Regge diagram for backward mB
scattering. (b) The corresponding quark diagram.
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consistent with our earlier finding, &excite(0) 4S 3+gl2
5f~ ea (23)

n~(0) =-,', n~(0) =0.

V. COUPLINGS AND NONLEADING TRAJECTORIES

In all our considerations so far, the require-
ment that the output trajectory obtained by sum-
ming the gluon ladders —or equivalently, the mul-
ti-Regge diagrams —must be at the appropriate
value of n„(0) or ns(0) was not used. If a weak-
coupling limit is indeed appropriate we find from
n~(0) = —, (cia =0) and Eq. (20) that

=g (22)

G, , = &, which is actually a prediction of the mul-
tiperipheral bootstrap itself, Eq. (7), means that
the logarithmic growth of the cluster multiplicity
with energy for the part of the cross section dual
to Reggeon exchange is & lns. This is hard to test
because first we have to know the average multi-
plicity of charged particles per cluster" and rel-
evant charge distributions like o(wP-n charged)
—&r(n~P-n charged). If Eq. (3) is correct, then

G,„»'= 1 and the growth of cluster numbers for the
full physical process is = lns.

The result g'=g' means that the effective gluon
coupling is the same for making the baryon q "qq
bound state and the meson q-q bound state. It can
be naturally explained via the non-Abelian nature
of the couplings and the demand that the 3q system
in Fig. (5) combine to a I-channel color singlet.
Thus the qq pair on the left of Fig. 5(b) must cou-
ple to a 3 of SU(3)„„,. The exchanged relatively
soft gluons couple, to the total SU(3)„„„(=3)con-
tent of the qq system and therefore the same cou-
pling g'=g' is expected as in the qq ladder for the
meson trajectory. It is this feature of being able
to view baryons a.s (q-qq) = (3, 3) composites —at
least for soft exchanges —which accounts for the
similarity between the baryons and mesons in
many approaches independently of their detailed
dynamics. Thus, for example, in a recent calcu-
lation of Regge slopes in the context of the bag
model, equal slopes for the baryon and meson
trajectory result precisely from the fact that the
same flux pattern results in an elongated q-qq
as in a qq configuration. " This feature would be
completely absent if the basic gluon interaction
were to be Abelian coupling to, say, quark num-
ber —not to mention the fact that it is very diffi-
cult to envision binding the (same charge) quarks
to form baryons in the first place.

Returning now to the planar annihilation qq qq
ladders, fig. 4(b), their sum yields an output ex-
otic qq, qq trajectory' with intercept

(24)

which seems to be too fast a falloff even with the
limited experimental data available. A simple
way to avoid this difficulty is to realize that, just
as in nonannihilation processes, the major con-
tribution comes from nonplanar diagrams and in
particular that annihilation may contribute to the
Pomeron exchange, "a point of view consistent
with our Pomeron.

It is difficult to isolate in the present scheme
the contribution of nonleading meson (v,A„. . . )
or baryon (N, . . . ) trajectories. The masslessness
of the pion —a necessary consequence of the spon-
taneously broken SU(2),~,~ symmetry —means
that n, (0) =0, a result which when translated to
a statement about the asymptotic behavior of a
sum of ladder diagrams seems very artificial. We
find, nonetheless, the following numerical coin-
cidence rather amusing: Let us assume that the
antiparallel addition of spins in forming the singlet
state m reflects in the high-energy behavior of the
corresponding sum of ladders via

~out
ql q2

(25)

where g*' is the relevant effective gluon coupling
for this case of binding a fermion-antifermion into
a pseudoscalar. This is to be compared with

=2S, —I+g' (10")

our expression for the spin-aligned leading p
trajectory, and g is the relevant coupling for
binding via a vector exchange to a vector in the
crossed (s) channel. The long- range Coulomb
part of the interactions is insensitive to whether
we have a singlet or a triplet qq state. The main
role of these long-range interactions is to achieve
confinement by compensating for the presumably
infrared infinite self-energy of the quarks allowing
us to use finite-mass quarks. If the remaining
short- range interactions are approximated by a
local four-fermion interaction pure vector in the
s (gluon-exchange) channel, then from the com-

If we use the above argument to infer that g'x =g' =
g' =-, , then we predict oP t;(0) = ——,. This yields
a very-low-lying rn'=& exotic 0' particle, which is
somewhat unsatisfactory. " Also, we cannot iden-
tify the total annihilation cross section with just
these planar contributions because we would then
have

o(NN-mesons) = s'
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=0 (26)

The &-N relation within the planar scheme and
the (qq, q) -(3,3) (q, q) approximation of the bar-
yons is analogous to the p-m relation. Again, the
nonleading nucleon is obtained from the completely
aligned spin configuration of the ~ by flipping the
spin of a q with respect to the qq combined anti-
symmetrically in SU(3)„„,to 3 and symmetrically
in spin to S„=1. The experimental and (partial
conservation of axial-vector current + duality)"-
motivated relation

HZ ~ —ElZ ~ —Hl —'HZ2 2 ~ . 2 2
E p

is very suggestive in this respect.

VI. IMPLICATIONS OF THE SCHEME FOR 4 DECAYS

For the purpose of this section we will assume
that the recently discovered $ particles are cc
charmed-quark states bound via gluon exchanges
like the normal qq states.

In Ref. 1 we speculated that the P's may be es-
sentially gluonic states which would explain their
I=0 [and SU(3) singlet] nature and conceivably
also their smaller sizes and hadronic cross sec-
tions. It is difficult, however, to understand
(because of the neutrality of the gluons in the pres-
ent non —Han-Nambu scheme) the large couplings
to the photon. A model of this type was considered
by Brower and Primack. " At any rate, such pure-
ly gluonic nonplanar states are likely to dominate
in the hadronic P decays. "

The cc assumption and a reasonable confining
potential explain various features of the g, g', and
the new even-C states although many puzzles and,
in particular, the nonobservation of charmed par-
ticles are detrimental to this scheme. The had-
ronic g-particle decay proceeds in these models
via three gluons. " In particular, our lowest-or-
der recipe separates the rearrangement diagrams
into three rnesonic clusters in a nonplanar tubelike
configuration, "Fig. 6(a), or, a Priori, also into
two baryonic clusters, Fig. 6(b). However, the

SU(3)...,, factor for the last diagram,

C- ( g') -» =f'"[.... (~e.)"(~,)"(~.)'"],

(27)

vanishes because the term in the square brackets
is completely symmetric uncer the exchange of

parison of the VV and VP Fierz coefficient we
find (g*)'=2g', so that if we use g'= —, , as sug-
gested from all our earlier weak-coupling results,
then

a,(0) =S„—S„+g*'—1

g+2 1

gluon color indices whereas the antisymmetricf"' coefficient is needed to insure the coupling of
the three-gluon octet to an odd-charge-conjugation
color-singlet P 1 state. The vanishing of the di-
agram corresponding to Fig. 6(b) is indeed very
welcome for our rearrangement scheme since we
do not have an anomalously high inclusive p to m

ratio at the g or g' in agreement with the data.
Our recipe suggests also that two- (ordinary) me-
son decays of g and g' will be suppressed and the
branching ratio of P- pv of = 1/g does not contra-
dict this expectation. Note that this argument is
not valid for the even-C )t (p wave) and q, state
which can couple into two gluons and thus "natu-
rally" decay into two mesonic clusters.

A fine point of some theoretical interest involves
the question of interference between the direct
hadronic decays of the g and the amplitude to decay
via an isoscalar photon. It is usually neglected
since the direct contribution (2-3 keV) of the isosca-
lar photon (A,~ ~' is small. However, the interference
with the hadronic amplitude AH which leads in the
standard estimate to I'~"'„'„,'„,„3 =45 keV could in
principle amount to +2v45(v3) =+20 keV. Such a
maximal interference will be achieved only is we
have the same sign in each decay mode. Since a
direct A~ amplitude does not correspond as A&~

does to a planar qq configuration, maximal inter-
ference seems very unlikely.

VII. THE POMERON

In the present section we would like to explore
the consequences which follow if the Pomeron is
identified with two- (and conceivably more) gluon

C

B

(b)

FIG. 6. The lowest-order diagrams (a) and (b) for g
decay into 3 rnesons and into BB, respectively.
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o„,(rr p) =o...(rr'p),

o„,(K p) = o„,(K'p) -o„, (rrp) .

{28a)

(28b)

The latter relation seems to be violated by SU(3)
breaking.

(b) The s-channel states qq, qq for MM and

qq, qqq for MB scattering are exotic and our basic
assumption [(iii) in Sec. II] suggests that we at-
tempt to represent the Pomeron in terms of the
lowest-order 2-, 3-, . . . gluon exchanges Figs.
7{a) and 7(b). Also, since the existing meson
spectrum can very largely be explained in terms
of qq bound states and no evidence for pure gluon
bound states exists, we will, unlike in our treat-
ment of ordinary Reggeons, neglect the multipe-
ripheral gluon ladders. If no bound B„B' state ex-
ists, our recipe would not require us to treat the
gluon-pair system in the t channel nonperturba-
tively by summing infinite ladders. Nonetheless,
this remains a problem whose solution is very un-
clear, reflecting the difficulties within the multi-
peripheral 8-matrix approach with Pomeron t-
channel iterations, to which me will return later.

(c) In the Abelian QED-type case investigated
in detail by Cheng and Wu" the lowest-order pro-
cess would be one-gluon exchange leading in a

exchanges. This section is not as strongly tied to
the correspondence assumption (iii) in Sec. II as
our earlier considerations for the ordinary Regge
trajectories. Thus some of the general conclu-
sions [e.g. , a~(0) = 1] may be on a much more
firm ground than our earlier results. However,
for the same reason, me also find a much less
complete picture of the intermediate s-channel
sta, tes dual to the Pomeron. Indeed, in the present
approach the well-known 8-matrix difficulties of
undeI standing multiperipheral dynamics with
Pomeron exchanges" are simply translated into
our ignorance on the dynamics or even existence
of pul ely gluonle states.

The paper by Lom' contains, beside a detailed
space-time picture of the "Born" (two-gluon)
Pomeron, many of our' qualitative remarks so we
will not expand the present discussion of these
too much and me will concentrate mainly on pos-
sible further evidence for the perturbative scheme.

In a completely general way we can divide the
quark-gluon diagrams for A+ B-A+ B forward
scattering into those which can be separated in
the t(AX BB) -channel by cutting gluon lines and

those which cannot. We suggest identifying the
first class of diagrams with Pomeron exchange. "
One then has the following consequences:

(a) No isospin or SU(3) quantum numbers are
exchanged with the Pomeron. This, in particular,
implies that asymptotically

weak-coupling limit to a real, charge-conjugation
odd elastic amplitude. To suppress this contribu-
tion, as required by experiment, strong absorp-
tion due to the dominant inelastic "towers" has to
be invoked and a simple perturbative approach
seems impossible. It is a nice feature of the non-
Abelian case that one-gluon exchange is forbidden
because the scattered particles are color singlets.

(d) The two-gluon Born Pomeron yields a con-
stant cross section and an amplitude behaving like

F„s „s(s, f =0) = const x is. (29)

FAB„AB(8» f = 0) = FXr» XB(S» f = 0) (31)

implies a dominantly imaginary amplitude in this
two-gluon approximation, and Eq, (29) ensues. In
the Abelian case the leading real s lns terms for
qq or qq scattering cancel when we add the crossed
and uncrossed tmo-gluon diagrams. Such a can-
cellation does not occur for the present nonabelian
case because of the noncomutativity of X„„,ma, -
trices. However, the remaining real term has
precisely the odd charge conjugation (and the octet
nature) typical of the one-gluon exchange so that
it does not contribute (it cancels between the dia-
gram in which the quarks antiquarks in the col-
liding particles exchange gluons).

(e) We would like to discuss the relation with
the Pomeranehuk theorem. A basic feature of any
theory with vector exchanges is the possibility of
real odd-charge-conjugation exchanges persisting
at very high energies, which in a general way
would correspond to a violation of the Pomeran-
chuk "theorem" which is based on the premise of
complete dominance of the even (A') imaginary
amplitude. We have seen that the most dangerous
lowest-order term is absent and that to order g'
we have an imaginary even amplitude. However,

+ PERM. + PERM.

FIG. 7. The lowest-order tv'- and three-gluon dia-
grams for the Pomeron.

In general, the asymptotic behavior of the N-gluon
exchange will correspond to an output trajectory
with

or~ = NSs —(N —1)= 1 (Ss = gluons, spin = 1). (30)

For the N = 2 case, the only coupling to a color
singlet is B'B,, which yields a charge-conjuga-
tion-even exchange and the ensuing requirement
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in order g' (three-gluon exchange) we might have
odd charge-conjugation exchanges corresponding
to f„,coupling of the exchange gluons to a, color
singlet. This is precisely the state via which
g-PP and P-ZE decays proceed [indeed, in the
exact SU(3) limit (28b) the Pomeranchuk theorem
holds for K scattering and P-ZK is forbidden by
SU(3) G parity]. If we could boldly neglect the ef-
fect of continuation from t=o to I;=9.6=M&' in the
amplitude ratio we might relate

,

~ Re(JC X) —Re(IC-X) ' r'(y-ZZ)
Re(NK) -Re(ZN} I"(g-I'P) ' (32)

where in I" the one-photon contribution has been
subtracted away.

The arguments presented in Sec. VI suggest that
the I.andshoff diagram for large-angle scattering,
if indeed interpreted as a three-gluon exchange,
has no odd-charge-conjugation piece. It is con-
ceivable that also in the case of the Pomeron the
odd-charge-conjugation process contributes only
in a higher order in g' relative to the even charge
conjugation than naively estimated, if the nonplan-
ar diagrams dominate. " [See the discussion at
the end of consequence (g}.] The experimental
ratio 10/0=RE(PP}/ImA(PP) might be acommo-
dated, particularly if we take into account the fact
that some absorption of the odd-charge-conjuga-
tion amplitude does take place.

(f) While the discontinuity of the perturbative
gluon-exchange diagram may be adequate for de-
scribing lmF„s„„s(s,I = 0), such diagrams do not
specify the intermediate states. This may have
some RnRlogy to the QuRrk handbag diagrams in
deep-inelastic scattering. In both cases the phy-
sical intermediate states may be generated only
after some complicated long-time scale evolution
into bound color-singlet states and only a com-
pleteness sum simplifies the description to the
impulsive gluon-exchange picture.

A naive unitarity cut between the gluons of Fig.
7 (shown in Fig. 8) yields an upper ands, lower cluster
which are color octets since the initial particles
are singlets of color. This suggests that the in-
termediate states dual to the Pomeron are not
diffractively produced excited A~B* or AB states.
In this Born approximation we expect, therefore,

pionization multiparticle intermediate states with
no large rapidity gaps to allow for local color neu-
tralization in rapidity. This conforms to the con-
ventional S-matrix approach in which one builds
a Born Pomeron first as the shadow of all multi-
peripheral intermediate states with short-range
correlations. ~' The diffractive component of the
intermediate states corresponds here as it would
there to iterations of the basic two-gluon exchange,
as indicated ln Fig. 8(b).

In the quark-gluon perturbative approach we
expect diagram 8(b) to indeed be smaller tha. n the
Born diagram V(a). It involves the basic gluon
coupling to four more orders Rnd also two more
loop integrations with a transverse cutoff. This
is precisely what is also involved in adding two
gluons in the planar ladder. In both cases the
effective g'' involves also the effects of projection
on the color-singlet states in f (or s) channels.
For the two gluons only the (IW8)B'8, is cho.sen
and in the case of gluon exchanges the require-
ment that quarks emerging from neighboring gluons
will combine to a singlet again yields a 1&3 sup-
pression for each gluon and I/W9 for two gluons.
Thus, very naively, we may expect

~e)+ +dxf =4' +~0~

The ratio of 0„ to o'„~ clearly involves a very de-
tailed picture of the hadronic opacity which we do
not attempt to construct here. '~

(g) To generate the intermediate states corre-
sponding to the Born two-gluon diagram, let us
"dress up" the two gluons by n qq bubbles [Fig. 9(a)].

)4'}C

FIG. 8. A naive discontinuity of diagram 7(a). The
diffractive state ls shown Ul (b) ~

FIG. 9. Gener ating the multiparticle states which
correspond to the Pomeron.
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For simplicity let us consider the symmetrical
case with equal number of bubbles. We can then
form color-singlet qq states propagating in the
t channel by pairing both q&q& on both sides of the
bubbles, thus obtaining, finally, the cylindrical
nonplanar topology suggested in the dual model
for the Pomeron [see Fig. 9(b)-9(e)]. It also
has physical qq states in the s channel which topo-
logically have the distinction of being in the front
or in the back of the "cylinder. " It is clear that
we are assuming throughout the discussion that
a locally planar configuration with a simple top-
ology does dominate. "" Thus we cannot claim
to really predict this type of Pomeron from the
colored gauge theories. However, it is amusing
that we do have that kind of a "cylinder Pomeron"
as the result of the simplest dressing-up of our
two-gluon Born Pomeron. Furthermore, it is
hard to recognize any ordinary multi-Reggeon ex-
changes in the final dressed form. Thus we may
not necessarily have to adopt the weak-coupling
multiperipheral bootstrap result, Eq. (3) of Lee
and Veneziano, which in particular has the rather
strong prediction of a twice as large lns coefficient
in the average multiplicity for Pomeron processes
versus Reggeon processes. " To the extent that
the Pomeron dressing-up does not change the orig-
inal energy behavior, no specific multiplicities
are necessary to ensure the consistency of a(0) = 1.

It is amusing to note that this simple construc-
tion of the S-matrix picture for the Pomeron works
only for the nonplanar configuration where each
gluon of the Born Pomeron is exchanged between
a quark in one of the mesons and an antiquark in
the other. If we try to repeat the same construc-
tion for the planar Born term in which both gluons
are exchanged between the same pair of lines in
the two mesons, then not all qq will be automatical-
ly paired into low-mass qq composites, but one
quark and antiquark from each of the incident par-
ticles will remain unpaired.

The significance of this fact is not completely
clear to us. However, it is worthwhile noting the
following points:

(i) The nonplanar structure arises naturally if
we are interested in making the Pomeron out of
ordinary Regge trajectories (the nonplanar Man-
delstam cut).

(ii) The planar diagrams do not contribute to
diffractive production A +B—A*+B, etc. , thus if
the elastic and diffractive production scattering
are to be treated en the same footing then only the
nonplanar diagrams are to be retained.

(iii) If we keep only the nonplanar diagrams,
difficulties with the Pomeranchuk theorem in order
ge do not arise.

(h) If we would have considered in analogy to the

qq ladder also gluon ladders [Fig. 10], we would
have obtained an output trajectory above 1:

op"'(t) =I + g~'(H(t)),

where we normalize H(0) =1 and the Pomeron
would also have a slope of

(34)

(35)

o„,(A B)~ P„Pe

and thus

u,„, (AA)o„, (BB)= o( ut'(A B) .

(36)

A simple way to envision how such a result would
come about is the analogy with Coulomb scattering.
The universal coupling of a ma. ssless photon makes

+co h b (AB) QAQsoc (37)

where Q„(Qe) is the total charge of the A (B) sys-
tem. Unfortunately, the unshielded Coulomb cross

FIG. 10. Gluon ladders.

We cannot offer at this point any satisfactory ex-
planation as to why the effective coupling g~' is
phenomenologically so small. However, assuming
that the rise of cross sections at the CERN ISR
does reflect an effective trajectory with intercept
slightly above 1,"a very small a,« —1 =0.05 is
suggested, and that may be correlated with the
small experimental Pomeron scope.

The difficulty with intercepts above 1 is not re-
stricted to gauge theories but occurs also in the
ordinary multiperipheral approach when one ite-
rates Pomeron exchanges in the t channel. In
gauge theories very remarkable cancellations be-
tween diagrams occur, which may in fact reduce
the asymptotic behavior of the gluon ladders. It
may thus be that gauge theories will not only offer
a simple Born "Pomeron" but eventually cure the
more profound difficulties with the Pomeron in the
S -matrix approach.

(i) Traditionally there have been two different
approaches to the question of diffractive high-ener-
gy scattering which schematically we call the
"algebraic" and the "geometric" approaches.

The first approach, which could embody the
quark-counting rules, ~ emphasizes the algebraic
structure of the residue" of a presumably factor-
izing Pomeron pole. We have, in particular
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a„s =-,'(v'a„„+v'ass )', (38)

so that Eq. (33) is not, in general, satisfied and
factorization and the algebraic approach are lost. '
In the present pictuxe we view hadrons more like
lleutl'Rllzed chR1'ge (colox') dlstrlbutlons wlllcll hl

particular have no permanent color moments.
Thus the scattering results from a mutual polar-
ization and to the extent we ean use that analogy
at all we expect to have van der Waals (or rather
Casimir-Podolsky) fast-falling potentials and no

long-range divergences. The strict faetorization
is lost but may partially be regained by the follow-
ing considerations;

The q qsq& nucleon can behave as a. 3-3 color
dipole ln three d1fferent ma, ys: q~qa —q, q~q —qe~

qsq~ -q„. Homevex, because of the double counting
of the quarks (or, alternatively, the appropriate
normalization of the baryon state) we have only —,

'
as many dipole units to excite in a baryon as com-
pared to one dipole unit in a meson. The contribu-
tion to the total cross section from the long-range
impacts (larger than the typical quark distances in

a single hadron) is expected to behave (on dimen-
sional ground) as a„8=d„ds and hence a 8/ass = 3

may be retrieved for that part.

VIII. SUMMARY AND CONCLUSIONS

The simple perturbative recipe that me have
suggested for correlating quark-gluon diagrams
with physical processes seexns to have several re-
markable successes and no obvious shortcomings.
It fits very nicely with many different theoretical
framemorks, such as planar bootstrap, massive
quarks, and bag models, and also simple naive
quark counting. In the fixed-angle limit me have
a gradual transition. from the ladder picture to the
constituent-interchange model from which the
simple counting rule of Brodsky and Farrar and
Matveev, Muradyan, and Tavkhelidze" can be
abstracted. 4' It xra y mell be that the approaches
based on S-matrix dual bootstrap" ox the purely
field- theoretical models which mill be appropriate

section o'c,„„b is infinite because of the massless-
ness of the photon. . This difficulty is obviously not
unrelated to the faetorization. The alternative ap-
proach views the scattering as resulting from the
overlap of some hadronic matter distributions. "
In an extreme black-disk situation

a„s = (r„+r 8)', a„„=(2r„)', and ass= (2rs)'

four-dimensional generalizations of the 't Hooft
model" will yield by themselves satisfactory ex-
planation of the hadronic parameters. However,
using either of these approaches may be very dif-
ficult. Essentia, lly what we suggest here is a pos-
sibility of some short eut by dema, nding consis-
tency between (admittedly, rather crude and sim-
plified versions of) the field-theoretic and S-ma-
trix approaches.

We mould like to close this discussion with a
short list of many of the problems which still re-
main unresolved.

(i) Another striking regularity of trajectories
with just one strange quark,

nr*(0) =

and tmo ~ quarks,

o,(0) =0,
is completely unexplained by the present ap-

proachh.

"'46

(ii) The whole question of explaining in a satis-
factory may nonleading tx"ajectories and in particu-
lar their role in the bootstrap is left largely un-
touched. This is, homevex, a difficulty with most
ordinary bootstrap models as well.

(iii) In spite of our ability to predict the leading
baryon trajectory there is no really satisfactory
treatment of this essentially nonplanar problem.

(iv) Extraction of effective coupling constants
such as that describing cluster production density
depends on some weak-coupling approximation and
is quite unreliable.

(v) Tllel'8 111Ry Rl ise d'LfflCllltles wl'tll tile pomer-
anchuk theorem.

Notwithstanding all these, me do hope that our
approach mill be helpful fox' elucidating some of the
puzzling features of hadron dynamics. We find
the possibility that the quantized values of leading
intercepts reflect simply the spins of the elemen-
tary constituent fields sufficiently intriguing to
make the pursuit of this approach worthwhile.
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