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Dep:~.rtment of Physics and lawrence Berkeley laboratory 
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June 24, 1975 

ABSTRACT 

The nature of the pomeron. and related effects are studied 

within the framework of Veneziano's topological exp:~.nsion. At the 

second, or cylinder, level it is found that no new poles are generated 

but that first-level (planar) poles with I = 0 are shifted by the 

cylinder, the shifts being in opposite directions for pbsitive and 

negative charge conjugation. The planar f , in p:~.rticular, is shifted 

upward and may be interpreted near t = 0 as the pomeron--with coup.ings 

lying roughly midway between the ideal mixing of a planar f and an su3 
singlet. The pomeron intercept and couplings (mixing coefficients) 

together with corresponding intercepts and couplings for w, f' and ~ 

are s~-quantitatively related through a single parameter to the prop

erties, of p - ~. In the positi ve-t physical-p:~.rticle region corre

sponding relations successfully correlate the. breaking of the Iiziika-· 

Okubo-Zweig rule to the p - w mass difference. Comp:~.rison of the 

cylinder shift in this large t region to that near t = 0 reveals the 

phenomenon of "asymptotic planarity"--the cylinder perturbation dying 

out rapidly with increasing t. It is pointed out that the small 

pomeron slope as well as certain physical effects attributed in field 

theory to asymptotic freedom are consequences of asymptotic planarity. 
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I. INTRODUCTION 

The duality-diagram topological expansion recently proposed by 

1 Veneziano provides a potential basis for understanding previously 

obscure aspects of hadron dynamics, including the constellation of 

effects surrounding, the term "pomeron." Veneziano discovered a small 

dimensionless parameter related to the number of conserved internal 

hadronic quantum numbers that allows the hadronic S matrix to be 

topologically decomposed--in such fashion that successive levels of 

increasing topological complexity are plausibly of decreasing impor

tance. The phenomenon characterized by the term "pomeron" is absent 

from the first level but promises to appear at the second. Although 

0 

0 

the physical picture of the pomeron given by the topological expansion ~ 

. 2 h is equivalent to the diffraction model of Chan, :Eaton aDd Tsou, t e C 

latter authors do not concern themselves with any motivating small 

parameter and ignare a variety of pomeron-related second-level consid- ~ 

erations. The object of the present IJl.Per is not only to elucidate the(.,.J 

pomeron but to identify other aspects of the hadronic S matrix that 

arise through the same topological second-level mechanism. An 

abbreviated account of some of our results has been given in Ref. (3 ). 

Although the pomeron discussed here i~ an approximate concept, 

it shares such a status with all other physically useful notions. The 

topological expansion, furthermore, provides a basis for assessing the 

accuracy of the approximation in terms of the motivating small 

parameter. This paper does not .address the slippery question of 

whether the pomeron intercept is exactly equal to 1 or what may be ·the 

strict mathematical structure of high-energy asymptotic limits. Such 

questions are inaccessible to physical measurement; physically 
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answerable questions about the pomeron all seem approachable through 

the topological expansion. 

Veneziano has characterized the first level of his ex:FS-nsion 

by the term "planar" and the second by "cylinder"; we shall adhere to 

this terminology. The most interesting conclusion we reach is that 

cylinder poles correspond to shifted planar poles and not to a new· set 

of singularities. The pomeron and f trajectories,_ in FS-rticular, 

turn out to be one and the same. This unconventional identification, 

while clashing with some h~retofore cherished notions, does not con-

flict with experimental facts. pn the contrary, experiment supports 

the unified picture we achieve of the six leading trajectories 

(f, p, A2, m, f', ¢) and their couplings--nondegenerate at the 

cylinder level but mutually related through a well-defined FS-ttern. 

4 
Our results together with those of Chan, et al., are so successful 

with respect to experimental data and their theoretical motivation by 

Veneziano so attractive that we believe a major step forward in hadron 

physics is being realized. 

In the next section we review essential features of the planar 

S matrix and proceed in Section III to establish an integral equation 

for the cylinder correction. Section IV shows how the cylinder shifts 

planar poles of both even. and odd charge-conjugation symmetry without 

generating new singularities, features independently discovered by 

C. Schmid and C. Sorensen5 although interpreted by these authors as 

FS-thological. Se_ction V deals with the qualitative behavior of the 

six.leading planar trajectories affected. by the cylinder, and Section 

VI discusses the qualitative viability of the proposed new picture 

for these trajectories with respect to currently available experimental 
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information. Finally in Sec. VII we employ a simple explicit model to 

emphasize the wealth of detailed physical content present in the 

cylinder. One striking outgrowth of this semi-quantitative investiga-

tion is recognition of a connection with physical effects attributed 

in field theory to asymptotic freedom. 

II. THE PLANA.."R S MATRIX 

The Veneziano topological expansion begins with a planar 

approximation, defined through discontinuity formulas that can be 

graphically depicted in a plane. The idea of planarity enters in two 

ways. First-of all, at this level o~ approximation the connected 

. 6 7 
:i;art itself is planar in the sense of Harar~-Rosner ' duality 

diagrams. A five-line connected FS-rt,_ for example, is a sum of 
.. 

components each representable as 

J~{ ~ 
~r 

XBL 7 57-4433 

(II.l) 

where i, j, are quark indices for internal quantum numbers. How 

many different values each index is allowed to take (i.e., how many 

different kinds of quarks need be included) and how much internal 

symmetry exists may be left as open ;uestions, perhaps to·be decided 

by the discontinuity formulas. The essential aspect of the quark lines 

is that they correspond to the bo-~dary of an orientable two-dimenskDal 

surface. The reader is cautioned not to identify the planar approx-

imation with the tree approximation to the dual resonance model--which 
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ignores branch points in connected parts and keeps only poles. The 

planar S matrix is profoundly dependent on the discontinuities across 

its various branch cuts. 

Where does the idea of a two-dimensional surface arise? We 

have here an example of the chicken-egg logic that typifies bootstrap 

physics. Some infoi'Ilation about the hadronic s matrix must be taken 

from experiment before analysis can begin, even though all aspects.of 

the. S matrix are supposed Ultimately to be determined by requirements 

of self-consistency. Historically, Regge behavior and crossing led 

through finite-energy 'sum rules to duality and thence, with the 

additional information that low-mass hadrons have low internal quantum 

numbers (absence of exotics), to the Barari-Rosner two-dimensional 

diagrams. Iater, however, Veneziano
1 

found an a pgsteriori explanation 

for the relatively small magnitude of nonplanar S-matrix components, 

relating this smallness to the existence of conserved internal hadronic 

quantum numbers. (Veneziano employed a perturbative framework for his 

reasoning that started from a two-dimensional topology.) Although it 

remains to be seen whether discontinuity formulas demand the presence 

of internal quantum numbers, such a requirement is not out of the 

question. The resemblance between the planar S matrix and the .observed 

hadronic world may thus ultimately emerge as a necessary consequence 

of self-consistency. 

The second way in which planarity enters the picture--with more 

apparent dynamical content--is through the products that prescribe the 

discontinuities of planar connected parts. These products are planar 

in the sense of the following example of a·four-line connected-part 

discontinuity: 

........ / 'i 
I 

2: ).1 
.. ± I( 2: 'il. rrn-( liii1. fl+· .. m 

• J + 
m JJI !D It( m mjl lm.J _laW l_ 

/ k ......... k 

XBL757-4435 

(II.2) 

c 
The dots remind us that intermediate states in the bilinear products 

correspond to stable particles, while the Cil indicates the side of 

the cut on which the product member is to be evaluated. The essential 
.£.. 

character of the product--where there is no crossing of lines--might 

be characterized as "strong ordering." It is important that planar 

c discontinuities, so constructed, occur only in channels built from 

adjacent lines, corresponding to the famous "rubber sheet" property or-:'"' 

the Harari-Rosner diagram which guarantees consistency between the 

(interna~ spectrum of singularities and the entering (external) 

spectrum of particles. Since poles and normal thresholds occur only f'~ 

in channels with discontinuities, strong ordering limits such sin-

gularities .to channels formed from adjacent lines. Also implied by 

"planar unitarity" is the exchange degeneracy of Regge singularities 

and thus the absence from the planar S matrix of an isolated, leading, 

even-charge-conjugation pole immediately identifiable as the pomeron. 

Another important feature is the absence of Regge branch points, which 

do not arise until nonplanar discontinuity products enter at the sub-

sequent levels of the topological expansion. We need consider Regge 

singularities no more complicated than poles. There is, however, no 
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implication of strict linearity for Regge trajectorie~. The presence 

of normal threshold branch points precludes exact linearity. 

Assuming amplitudes to be determined by their discontinuities 

(a key aspect of Regge asymptotic behavior), the solution, if any, of 

the nonlinear planar discontinuity equations my be taken as a 

definition of the planar S matrix. Despite the absence of any proof 

that a solution exists, we are anticipating the above-enumerated 

general properties which any solution of the planar equations must 

possess. 

The degree of arbitrariness permitted to the planar S matrix 

by its nonlinear constraining equations .is a question of prime impor-

tance. For example, there is the question of how arbitrarily the 

internal quantum numbers my be assigned, oc \<.e my ask about the trajec

tory intercepts and residues (see Ref. 2, 8, 9, 10). Despite their 

obvious importance these are not issues considered in the present paper, 

which concerns itself with the relation between the planar approximation 

and the first correction thereto. We make the assumption, following 

Veneziano, that the leading planar Regge poles bear a recognizably-

close correspondence with the two leading nonets of roughly exchange-

degenerate physical trajectories (p, f, . m, etc.). The question to 

be studied here is how the pomeron manifests itself in a systematic · 

first correction to the planar approximation. More specifically, how 

is the pomeron related to the leading planar trajectories? The answer 

to this question unavoidably has much to say about physical trajectories 

other than the pomeron. 

'' 
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III. AN INTIDRAL :m,UATION FOR THE CYLINDER CORRECTION 

TO THE PLANAR S l:f.t.ATRIX 

The intermediate-state counting rules that justify the planar 

s matrix as a starting approximation lead to a comparably-simple 

prescription for the first correction thereto. After the planar 

components, the next most important terms to include in a bilinear 

discontinuity product are those where matching changes of line ordering 

occur in the t_wo members of a product. At this level of approximtion 

each product member is itself planar and changes in order can be 

represented.by a twist notation. For example, if 

(III.l) 
= 

XBL757-4432 

the first corrections to a planar discontinuity product such as 

• 

,. 
I 

.. h m' m" I 
• • 

m' I m" I ~ .. .. 
XBL757-4434 

(III.2) 

are given by the terms of .the form 
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im t • ~ m' .r; 
~ mf ~ m.ft 

• ' m 

........ • .i / 

Jl.tm 4 fXll 4m' tfi" . . . ;J t . mJyt m'f t 
• / j ' 

XBL7S7-4428 

(III.3) 

the twists on the two sides of the "ladder'' always matching in -pos1t:lon. 

It is important to recognize that all such terms share the topology of 

a cylinder, although the twist notation is better suited to relations 

that must be expressed on a plane sheet of :tBper. We shall refer to 

the sum of all terms of the type (III.3) as the "cylinder discon

tinuity." That such an entity might be associated with the pomeron in 

a dual unitarity scheme was proposed many years ago.ll-l5 The reader, 

however, is cautioned not to interpret pictures such as in (III.3) in 

the perturbative sense (~th order in some coupling :tBrameter) in which 

such diagrams have often been used in the past. Their meaning here 

derives only from topological considerations.· 

.I 
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An essential aspect of the topological expansion is illustrated 

by the products in (III.3). Comr:aring to the planar product (IIL2) 

one sees that fewer intermediate states occur in the cylinder products 

. (III.3), the triple sum over internal indices having been reduced to a 

double sum. Provided that twists occur in matched pairs, one may 

easily verify that ~ cylinder product--independent of the number of 

twists--has one fewer sum over internal indices than the correspond:!.9 

planar product. The overall cy;linder discontinuity thus tends to be c . 
smaller than the planar discontinuity by a factor of the order of 1/N, 

~ .... 

where N is the number of different values assignable to an internalc, 

index (i.e., the number of different quarks). Different values of the 
.£:.. 

._internal index contribute different proportions of the sums over 

intermediate states (e.g., index values carrying zero strangeness are 

quantitatively most important), so the 1/N 
c 

estimate is not precise. 

With SUN symmetry it can be shown that the cylinder couples only to 

the SUN singlet; the 1/N factor then merely reflects the relative(!-~ 

weight of this singlet representation. [We wish to tha:i:lk G. Venezian~J; 

for correspondence about this point, which often causes confusion.) CJJ 

Veneziano showed.that products more ·complicated topologically than the 

cylinder lose further sums over internal indices and should correspond-

ingly be even smaller, the expected order-of-magnitude reduction factor 

being (1/N)m when m internal sums. are lost. 

Although any nonzero number of twist-pairs is topologically 

equivalent to a single twist-pair, a meaning can be given to seJarate 

diagrams of the type (III .j) by associating each in multiperipheral 

fashion with a: region of phase space where the momentum transfer across 

each twisted link is small. If the major contribution arises from such 

regions--without important overlap--the complete cylinder discontinuity 

may be schematically represented as the· series 
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XBL757-4430 

(III. 4) 

if a meaning can be found for "sewing" together adjacent planar 

discontinuities across a pair of twisted links. It is plausible that 

the required meaning can be achieved through the helicity pole expan

sion that bas been used to decompose inclusive cross sections, the 

twist merely replacing a Regge-link physical signature factor 

-iroa 8 e :t 1 by a facto.r 1. Cba t L2, ba n, e a , ve in fact suggested that 

·the successive individual terms of (III.4) be interpreted physically 

at t = 0 as proportional to the partial cross sections for production 

of successive numbers of "multiperipheral clusters "--each cluster 

corresponding to a complete planar discontinuity. Although we shall 

not attempt in this paper to develop a detailed helicity-pole 

representation of the twisted links, .we take for granted that such a 

representation can be found--making the .series (III.4) meaningful. 

Given such an assumption we can transform our products into 

the J plane by-standard projection techniques.16,l7 An analogous 

problem has been solved for multi-Regge models, showing that each 

sep:~rate discontinuity in a chain of the type (III. 4) :1s to be evaluated 

at the common values of J and t attached to the entire chain. 

Since for the purposes of the present p:~per we do not need the detailed 
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Regge-index labeling of the planar discontinuities, we refer the 

reader to Refs. (16) and (17) for examples of how the nondiagonal 

labels may be chosen and then summed and integrated in forming the 

product of adjacent discontinuities. Although approximations are 

sometimes introduced in handling the phase sp:~ce of multi-Regge models, 

the J-plane projection requires no approximation--resting on no more 

than Lorentz invariance. Such a projection makes easier the task of 

formulating an integral equation. 

It may be seen from (III.4) that the cylinder communicates 

along its axis only ·With states carrying zero additive quantum numbers 

--states that may be classified by a single quark index together with 
i i 

an orientation. We may have, that is, either ( ) or ~· 
i i 

As the quark arrows indicate, if two states are equivalent except for 

this orientation they are charge conjugates of one another. Introducing 

the notion of a twist operator c
1 

corresponding to the box in the 

second term of (III.4), it follows that a single application of 

on a state of one orientation produces a superposition of states of the 

opposite orientation. 

A planar discontinuity that :t:articipates in the cylinder chain 

is supposed to be decomposable into simple Regge poles, viz.,· 

]- ~ -c_ = ] E 
XBL757-4429 

(III.5) 



-13-

the index 7 labeling the sequence of poles corresponding to quark 

type i We may attempt to use these poles as the basis. for a Hilb.ert 

space. Each such pole carries an orientation, even though in ~he 

planar S matrix the two orientations are equivalent (a manifestation 

of exchange degeneracy), and we have noted that the twist operator 

reverses the orientation. It is then natural to construct a space of 

states that are symmetric or antisymmetric combinations of the two 

orientations. ,The symmetric states are even under charge-conjusation 

(C = +) while the antisymmetric states are odd (C = -). The twist 

operator cl does not mix states of. opposite charge-conjugation 

symmetcy, and corresponding matrix elements of c
1 

in the two sub-

s:races have the .same magnitude. The relative sign of cl is, however, 

opposite in the two subs:races. That is, 

(IU.6) 

Using plaDar Regge poles (of well-defined C) as a basis we. 

are now in a position-to formulate an integral equation for the cyliirier 

correction to the planar S matrix. Focuss,ing on the t channel {along 

the axis of the cylinder), the problem schematically is that of summing 

the series, 

.~+ 
cr.! ' 

I 

+··· XBL757-4431 

(III. 7) 

-14-

where it is understood that there are separ~te series. for even and .odd 

charge conjugation. By attaching appropriate residue· factors at left 

and right and summing over planar poles,· as in (III .5 ), the physical 

discontinuity may be constructed. from (IIL 7); but the analysis will 

be simplified if such "end effects" are deferred until the. final 

stage of the calculation. The most essential questions cOD,cern the 

interior of the ~ylinder, not the ends. Q.; 

Although the cylinder correction .is constituted by all terms 0~; 

of (III. 7) beyond the first, it is convenient to .study the sum of 

planar and cylinder contributions,· :I,. e. the entire series. 

of linear operators in the space of planar Regge poles, at fixed 'va.lu~~' 

of J and t as well as definite charge conjugation, the leading 

term of (III. 7) may be described as a diagonal "pro:ragator" and 

· .. ~ 

c 
designated by the symbol P. (P suggests ~ "planar"~ 

"pro:ragator"!) Assuming the kernel c
1

P to be .Fredholm (acting on ·,[0~ 
(.;' 

an arbitrary state, it leads to a normalizable superposition of states);.~ 

the entire series may be written as an integral equation ·~~·~?-
- .~ ..... 

A 

(III.8) 

with the formal solution, 

A (III.9) 

Even though this closed form is only schematic, it facilitates an 

extremely important inference to which we now turn.attention. 
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IV. SHIFT OF PIJ,.NAR R)L.ES .COMMUNICATil«; WITH THE CYL~m 

Where are the poles of A --the sum of planar and cylinder 

components'/ To approach this question let- us split the SJSCe based 

on planar poles into two subspaces according to a criterion of 

"communication" with the twist operator. Combining .the two indices 

i and r into a single index n and designating a planar basis 

state by In} , we define a superposition !k} of basis states as 

n6ncommunicating if c1 !k) = 0 • (For example, wh~n there is SUN 

symmetry, the only ~ed1,1dble representations that communicate are 

_ SUN singlets. ) By a standard procedure two complementary subsJaces 

may then be identified, one containing only noncammunicating states 

while, within the otber, all possible superpositions cOIIIIIUDicate with 

c
1 

• W:t.thiD the former sub~P'-¢e the cylinder ,bas. no effect and A = P, 

while within the latter subsp~.ce c1 has no zero e~enveJ.ues and 

thereby pOssesses an inverse. 

By construction the plarar poles reside in the pi"'opagator P 

while the twist operator c
1 

, built from planar residues, contains 

no poles. Within the nonc01111l\inieat1ng subsp~.ce the poles of A are · 

evidently the same_ as the planar poles of P , but in the cOIIIIlUiiicating 

subsJace Eq~ (III.9) tells us that plarar poles are uniformly absent 

from A • That is, P-l tends to z~o (i.e. to the null operator) as 

. . -1 
J ... a

0 
so. A tends to the finite limit -c1 In other words, the 

cylinder .correction annihilates all planar poles that. communicate with 

the cylinder. 

At the same. time the sum A develops new poles at points 

where 

0 , (IV.l) 
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and by examining the limit or 811811 cl one finds the familiar 

quantum-mechanical adiabatic rule that the new poles are in one-to-one 

correspondence with the original plamr poles. The cylinder thus may 

be cansidered as a pertUrbation that shifts those planar poles with 

which it communicates, without generating new poles. 

It is straightforward in fact to derive from (IV.l) a famlliar-

looking perturbation expansion for the shift of a trajectory origillal.ly 

I:!. a 
n 

(n lc
1

1 n) 
+ ?.;. (n lc1 1 n•}(n• 

a -a, 
n' n n 

+ •••• 

(IV.2) 

Here we meim by In) a state in the cyl1nder-c011111unicating subsp.ce--

which may be a superposition of the original plarar _states if there is 

degeneracy of the latter. . - + Note that because c
1 

= -c1 the first 

order sh1f't of an eVell cbarge-conjup.ti911 trajectory is opposite to 

that of the corresponding odd cbarge-conjusation trajectory although, 

to the extent that second and higher order terms in the expuision 

(IV .2) are appt"ec:lable, there will be an asywmetry in the magnitudes 

of upward and _downward shifts. In any event, exchange degeneracy is 

lifted. 

At the same time that t~ cylinder shifts the poSition ·of a 

planar trajectory there will be a modification of residue. In the 

original plamr basis the residue matrix for ee.ch pole is {by 

constructiOn) of the form 

(n" IR PI n') 
n 

(IV.3) 
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After the cylinder shift, the residue of each pole is still fac-

torizable: 

(n" IR I n') 
n (IV.4) 

but a mixing has been introduced--given to lowest order by the famLUar

looking formula 

n 

~· n'tn 
(IV.5) 

/ 

In Section VII we discuss a nonperturbative calculation of the 

shifts in trajectory and residue when the cylinder coupling between 

only a smll number of .planar poles is included. Near t = 0 the 

shifts turn out to be sufficiently large that it is worth going beyond 

the lowest order of a weak-coupling expansion but the qualitative 

picture at t = 0 can still be described as a perturbation. In any 

event the magnitude of the cylinder. shift depends upon t and, as 

discussed below, the shift becomes extremely smll for t ~ 1 Gel-. 

The one-to-one connection between shifted and unshifted poles is 

therefore guaranteed to be 'unambiguous if traced to the region where 

physical particles appear on Regge trajectories. 

V. THE LEADING PLANAR TRAJECTORIES AND THEIR CYLINDER SHIF'I'S 

For t near ·0 and 0 ~ J ~ 1 it is believed that for each 

charge conjugation there extst three planar trajectories. These 

correspond to the conserved internal quantum numbers, electric charge 

and strangeness, a possible way of attaching the quark index i to the 

quantum-number combinations being as follows: 

i Q s 

1 0 0 

2 1 0 

3 0 1 

Nothing is gained by employing fractional charge and strangeness so. 

long as we do not attempt to consider baryon number. Making integral 

assignments may help to emphasize ·that the boundary lines of dual 
0 

c 
diagrams are not equivalent to the quarks in naive models. To under-

stand the experimental significance of the cylinder shift of these 

trajectories, it is essential to consider and symmetry, 

because it will turn out that the shift is larger than the breaking Jt... 

of SU2 symmetry (at least near t = 0) but Sllll.ller than SU
3 

symmetry breaking. su2 symmetry makes i = 1 equivalent to i = 2 

while symmetry makes all three values of i equivalent to each 

other. For our purposes it is appropriate to impose the former condi-(e,J 

tion but not the latter. 

Labeling the three leading planar trajectories by the quark 

index i = 1,,2, 3, those two corresponding to i = 1 and 2 

(no strange quark) will thus be taken as degenerate at o:0(t), while 

the third (strange quark) trajectory will be designated as o:
3 
(t). 

Symmetric and antisymmetric combinations of i = 1 and i = 2 

correspond to I = 0 and I = 1, respectively, and since, with su2 
symmetry of pole residues, the twist operator ct is symmetric under 

1'--)2 interchange, the cylinder communicates only with I = 0 and 

the I = 1 trajectory undergoes no cylinder shift. Neglecting non-

planar shifts of order higher than the cylinder, we are then led to 
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identify the planar trajectory ao(t) with the physically-observed 

exchange-degenerate p and A
2 

trajectories. [We emphasize once again 

that planar trajectories are not required to be linear.] An unambig-

uous base is thereby secured--from which all shifts may be measured. 

There is unfortunately no such direct way to fix a
3

(t) 

(which is purely I= 0). It is empirically observed, however,--from 

the near degeneracy of CD and p masses:, as well as f and ~ 

masses--that for t ;c- 1 Gel the cylinder shift is small. We may 

confidently assume, therefore, that the observed ¢ and f' particles 

lie close to the (strange-quark) planar trajectory ~(t), and one 

thereby finds an interval of about 0.4 in J between a
0
(t) and 

a 3(t) in the region of moderate t , with the former (nonstrange 

quark) trajectory lying higher. The origin of this substantial gap 

remains unknown, but the fact that a
3 

< a
0 

does not contradict any 

tenets of the topological expansion. Conceivably, the gap may turn out 

to be a consequence of planar unitarity when the full content of this 

nonlinear and difficult-to-analyze constraint becomes understood. ·The 

tact that a1 ~ ~ simplifies our task and must be recognized in 

confronting the data but neither su
2 

nor su
3 

symmetry is essential 

to the topological expansion. 

Let us now consider how the four leading I = 0 planar 

trajectories--two of each charge conjugation--are shifted by the 

cylinder. Recall that the leading pair has a common trajectory a
0
(t) 

--degenerate with the physical p - ~ trajectory. The positive 

charge conjugation member of this pair we call ~ while the negative 

charge conjugation member we call CD , since the physical and 

CD(l-) particles lie close to a 0(t). Which goes up and which down as 

a result of the cylinder shift? 
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At t = 0 the positive definiteness of the discontinuity 

products from which we started translates unequivocally into an upward 

displacement for the leading trajectory of ~ charge conjugation. 

Thus f moves above p - A
2 

while CD moves below, the upward dis

placement according to (IV .2) being larger in magnitude than the 

downward. If su
3 

symmetry were exact, i.e. if ~ = a
0 

, it can be 

shown that there would be no downward shift of the CD at all. This 

point is illustrated in Sec. VII. The shifted f at t = 0 thus 

plays the role of the pomeron, while the same cylinder mechanism that 

endows the pomeron with its special prominence breaks p - CD degeneracy 

--pushing CD down, although not as far as f is pushed up. 

What is happening to the pair of Regge poles, f' and ¢, 

associated with strang~ quarks, whose planar trajectory is ~ ( t) 

--about 0.4 units of J below a
0

(t)? To the extent that su
3 

symmetry has any meaning (see Sec. VII ), the even charge-conjugation 

trajectory is again shifted upward. Thus we expect the physical · f' 

to lie above a
3 

and the physical ¢ to lie below, the overall 

descending order of the six leading trajectories being f, p - A
2

, 

CD, f.',¢ A semi-quantitative estimate of the various intercepts 

is given in Sec. VII. [see Fig. 1.] 

The residues of the four I = 0 poles are also modified by the 

cylinder. The mixing given by Formula (IV .5) means that the physical 

f (the pomeron) will possess some strange-quark content, as does the 

physical CD , even though the planar f and CD are purely nonstrange. 

The p and ~ trajectories, on the other hand, will continue to have 

purely nonstrange quark content, while and ¢ will acquire a 

nonstrange admixture into their predominantly strange-quark character. 
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Detailed predictions are given in Sec, VII. Here we remark only that 

the couplings predicted for the physical f turn out to be entirely 

compatible with those observed for the pomeron. 

VI. VIABILITY OF POMERON - f IDENTITY 

The identity of pomeron and f is not commonly assumed in 

Regge phenomenology; the standard picture contains an f , exchange 

degenerate with p, w, ~~ plus a pomeron whose intercept is about 

0.5 units higher. Since the stand.8.rd picture has worked well, the 

reader may be skeptical that the picture presented here can be 

experimentally viable. Although we have not investigated all possible 

confrontations with data, we draw comfort first of all from the 

xt i t di f Dashl8 d llab 19 e ens ve s u es o an co orators who successfully fit 

large quantities of moderate-energy scattering measurements with a 

single high-lying Regge vacuum-type trajectory. A recent analysis of 

total cross section data within the even more restrictive framework 

described in the following section of this paper gives us further. 

encouragement. At the present time we are unaware of experimental 

facts that conflict with our picture, although, as explained in 

Appen~ ~ measurement of rrrr total cross sections in the few-GeV 

region may distinguish our picture from the conventional one. 

An important aspect of the detailed predictions in the 

following section (see also Ref. (3)) is their compatibility with a. 

set of pomeron coupling rules proposed by Garlitz, Green and Zee (cczJO 
and known as the "f-dominated" poiiiBX>n~1 These rules. have been strik-

ingly successful but their motivation as presented by CGZ left obscure 

the status of the physical f • Our approach not only yields the CGZ 

rules while clarifying the posture of the f but gives a corresponding 
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set of rules for all six leading trajectories. From the standpoint of 

~analysis, in fact, it might be appropriate to speak of a "p

dominated pomeron," since physical pomeron properties can in our model 

be predicted from those of the physical p • [We are indebted to 

Chan Hong Mo for this remark.] 

What is the relation between our picture and that given by the 

. ( ) 22 conventional weak-coupling expansion of Dual Resonance Models DRM • Q:. 

The lowest order of the latter--the so-called tree approximation--has c 
many features in common with the planar S matrix, while at the next 

order a nonplanar loop appears--with the topology of a cylinder. This 
c;: 

nonplanar loop introduces a new singularity not present in the tree 

approximation, that tentatively has been identified with the pomeron. 

How can we reconcile this conventional picture with that based on the 

topological expansion? 
c 

First of all, a weak coupling expansion is inadvisable according-:'. 

to considerations explored by Veneziano, Chan and collaborators, 
8

-lO ''-"1 · 

who showed that unitarity together with Regge behavior determines the C.<:J. 

magnitude of the coupling. If arbitrarily weak coupling is excluded, 0· 

results from the conventional expansion must be regarded with 

skepticism. Secondly, the new singularity that appears in the non-

planar dual loop has in all models to date been· a pole only for an 

unphysical number of space-time dimensions. The pole intercept, 

furthermore, is at J = 2, not J = l. In four dimensions the new 

singularity is a branch point lying well below 1. It is only an 

optimistic conjecture that, as the dual model improves, the loop 

singularity will not only survive but will have properties close to 

those of the physical pomeron. 
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On the other side of the coin, we have here failed to prove that 

in the topological expanoion new singularities do not arise at the 

cylinder level--having begged the question by assuming the cylinder 

kernel to be Fredholm. It is probable that an infinite sequence of 

Regge poles (daughters) is needed to satisfy the planar discontinuity 

conditions, and the nondiagonal variables in our integral equation 

(e.g., reggeon helicities and masses) span an infinite domain; so 

there is room on several counts for new singularities to appear in the 

solution of the equation. We see no reason, however, for such sin-

gularities to appear near the top of the J spectrum. Since estimates 

of the upward shift of the f place its physical intercept in the 
4 

neighborhood of J = 1 ' and since the origin of this shift is 

precisely the unitarity (diffractive) mechanism associated with the 

pomeron, we feel identification of pomeron with f to be compelling. 

We remark finally that if, after all, a brand new pole with 

vacuum quantum numbers is generated by the cylinder, it will be 

difficult to avoid a corresponding (even though lower-lying) odd-

charge-conjugation pole. This point has been discussed by Freund and 
24 

Nambu, who stress the necessity in the conventional picture of finding 

a particle like the w but slightly more massive. 

VII. A SJMPLE MODEL FOR THE CYLINDER 

Having developed a technical framework for the cylinder level 

of the topological expansion and recognized the broad implications 

thereof, let us now take a more concrete look at the situation. The 

model described in this section employs two supplementary simplifica-

tions: (1) Neglect of the influence on the leading six trajectories 

from lower-lying trajectories. (2) Assumption of su3 symmetry for 
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the matrix elements of the twist operator c
1 

between the six leading 

states. 

The accuracy of the first assumption--that of nearest-neighbor 

dominance--can ultimately be checked, since all matrix elements of c1 

are determinable from the planar S matrix. We have in fact identified 

and will discuss elsewhere certain interesting influences on leading 

trajectories by trajectories lying just below .the top six, but we 

have found nothing to undermine the familiar phenomenon that the 

greatest influence on a state arises from nearest neighbors. The 

second assumption--assigning all su
3

-symmetry breaking to the planar 

propagator via the difference between a
0 

and D) --is based on the 

belief that planar Regge-pole residues should be relatively more 

symmetric than are pole positions. The corresponding assumption in 

Breit-Wigner data fitting has been strikingly successful--reduced 

widths showing substa~tially more accurate su
3 

symmetry than do 

resonance energies (masses). The difference between a0 and a 3 
will inevitably induce some symmetry breaking in the matrix elements 

of c
1

, but the effect is less important than in P --where all J 

singularities have been concentrated. 

+ 
p-

For the I = 0 subs:FBce we then have 

/ 
.. l 
!~ 
! 0 
\ 

0 

\ 

o· 

1 
J- ~/ 

where ao, a
3 

and k are each f~ctions of t, 

communicating I = 1 subspace, 

1 

(V!Ll) 

while for the non-
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1 
J - a , 

0 
0 . (VII.2) 

The leading. six trajectories are thus described by three p:u-ameters at 

each value of t. The ~rameter k, as well as a
0 

and a3' is 

determined by the planar S matrix (e.g., from planar triple-Regge 

couplings) and bas in effect. been so calculated at t = 0 in Ref. (8 ),. 

but we shall here regard k as a free ~rameter--to be fitted to 

experiment. As will be seen in Appendix B, our value at t = 0 

accords satisfactorily with the calculation of Ref. (8). 

The model embodied in (VII.l) and (VII.2) may be viewed as a 

11 
refined version of a model proposed several years ago by H. Lee. 

Our improvements are: (1) Recognition of the cyli~er as the second 

level in a systematic ex~nsion. (2) Avoidance of unnecessary and 

unjustifiable kinematic approximations of the Chew-Pignotti type, 

by working in the J plane. (3) Inclusion of su
3 

-symmetcy breaking. 

Point #1 allows us to see that awkward terms in the discontinuity 

product, neglected by Lee without justification, in fact correspond to 

a level of the topological ex~nsion beyond the cylinder and are 

correspondingly smaller by factors 1/N. We furthermore se~rate the 

simple perturbative problem of the cylinder shift from the far more 

difficult bootstrap calculation of planar ~rameters. In Lee's model 

the planar and cylinder levels were treated as ~rallel. 

It is straightforward to solve the integral equation (III.8) 

with the simple forms (VII.l). The reader will recognize our problem 

is that of diagonalizing a 2 X 2 mass matrix in the presence of an 

interaction. Shifts in trajectories are equivalent to shifts of masse~ 
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and one finds two new even cr~rge-conjugation eigenvalues corresponding 

to the trajectory positions 

1 r r 2 2]1/21 af, f' = 2 'L a0 + a 3 + 3k ± l (a0 - ~ + k) + 8k , 

VII.3) 

while the two new odd charge-conjugation trajectories (m and ¢) are 

given by a similar formula with k replaced by -k. 

verify that if k is small comiBred to a
0 

- ~ 

yields 

2k2 
af a

0 
+ 2k + + 

ao - a3 

+ k 
2k2 

af, ~ - + 
ao - a3 

It is easy to 0 

expanding (VII.3)C 

..,:>~ .... 
\...,' 

~·· (VII.3' J 
~' 

c 
in accord with the perturbation formula (IV.2 ), whereas in the limit 

where a0 - ~ is small com~red to k one bas 

(VII,Y'j'-1 

The corresponding formulas for the odd charge conjugation trajectories 

are 

a m 

for weak cylinder coupling and 

+ 

(VII. 4) 

+ 
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(VII. 4') 

for cylinder couplings larger than su
3

-symmetry breaking. 

Although at first sight it looks strange in the latter case 

we that c:xCD and c:xf, not only are equal but are independent of k, 

recall that with su
3 

symmetry the. cylinder couples only to su3 
singlets. It is easy to show that in the symmetry limit CD and f' 

become members of octets and so do not communicate with the cylinder. 

In the same limit f and ¢ become pure singlets and communicate 

maximally. The important fact that f moves up further than CD 

moves down may .be attributed to these symmetry considerations or 

alternatively one may appeal to the notion of level "repulsion" and 

observe that all lower trajectories tend to push up the highest 

trajectory. Since the self-induced shift of each even charge

conj~tion trajectory is upward the self and mutual shifts here 

reinforce, but for the leading trajectory of odd charge conjugation 

the self-shift and the mutual shift tend to canceL 

If we designate the original I = 0 planar basis states by 

lo) and 13) , corresponding to the trajectories a0 and a3 , 

respectively, the two new states of even charge-conjugation are 

If) = cos e+ lo) + 

(VII.5) 

If') = -sine+ lo) + cos e+ 13) , 

where by straightforward calculation 
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r--
Y8 k (VII.6) 

At the same time the odd charge-conjugation states lCD) and 1¢) are 

given by corresponding formulas with a mixing angle e- determined 

from Formula (VII.6) with k replaced by -k. For many purposes the 

following alternative mixing-angle formulas are more convenient: 

tan e+ 

.y2. (a¢ - ')) 

a¢- c:xo 

(VII. 7) 

The foregoing form for tan e+ correspao:ls to that proposed by Carlitz, 

Green and Zee if one understands af to be their pomeron trajectory, 

20 while a0 and ') are the trajectories which they called f ani f' • 

Following CGZ we may use Formulae (VII.7), (see Appendix A) to 

compute ratios of various Reggeon-particle couplings in terms of 

ratios· of trajectory displacements. We present a representative 

sample of these ratios in Table I. Note that we are now able to 

calculate many more ratios of coupling constants, all with the same 

general form. 

An illustrative numerical application of our simple model is 

presented in Appendix B where we review experimental facts about total 

cross sections, all of which are consistent with k(t = 0) lying 

between 0.1 and 0.2. Even this weak cylinder coupling.is sufficient to 

give the f(pomeron) a dominant position and to force its couplings to 
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lie roughly midway between those of an su
3 

singlet and those of an 

"ideal" mixture like the physical f -particle. Such a pomeron might 

well be described as "schizophrenic" although not quite in the same 

sense as proposed by Chew and Snider.25 

Our simple model allows trajectory and coupling shifts to be 

determined by a single parameter at each value of t , not just at 

t = 0. Thus, mass differences between physical particles (e.g., p 

and w) allow the determination of k at appropriate nonzero positive 

values of t and Formula (VII. 7) become predictions for mixing angles 

(e.g. ¢, w, or f, f' mixing}. [We have defined such that 

these angles are rotations toward zero away from the ideal quark 

mixing angle arc cot-{; .] We are thereby led to recognize that the 

symmetry breaking phenomena discussed by CGZ at t = 0 for the pomeron 

is but one manifestation of a general mechanism which is also respon-

26 27 28 ible for violation of the Iizuka, Okubo, Zweig rule for 

P9Ysical particles. 

In Appendix B it is found that for t ~ 1 Gev2 the value of k 

lies between 0.01 and 0.02--much smaller than at t = 0, We find this 

empirical fact striking. The phenomenon that as t becomes more 

positive the cylinder correction becomes smaller and the planar 

approximation better shall henceforth be referred to as asymptotic 

planarity. In principle this decrease in magnitude should be predict

able from a knowledge of the planar S matrix (triple-Regge couplings), 

but no explicit calculation has yet been performed. We nevertheless 

draw encouragement from the following consideration: a small slope for 

the pomeron trajectory at t = 0 is implied by the rapid decrease of 

k(t). That is to say, if the displacement of f(pomeron) above p 
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shrinks to a tiny mo.gnitude by the time a 
p 

reaches J = 1, the 

height of af 

(see Fig. 1). 

at t = m ~ 
p cannot be much above its .height at t = 0 

Conv~rs~ly, generation from the planar S matrix of the 

small pomeron slope at t = 0 implies a content within planar 

amplitudes that will produce a rapid decrease of k( t) as t grows. 

The success of Ref. (8) in calculating the pomeron slope is therefore 

enc~uraging to the prospect of understanding asymptotic planarity. 

Many of the physical effects associated with the cylinder 

0 

0 

kernel have recently received attention in quark models where they are.,~ 

associated with gluons. F. Low29 has proposed a model where the r"'" 
"-....,..:.~ 

pomeron is conceived as arising from gluon exchange. Applequist and ~~· 
~,_ 

Politzer
30 

have discussed the validity of the IOZ rule also within the 
A 

quark-gluon framework. We find it striking that both in the latter 
c 

model and in our topological framework the validity of the IOZ rule 

depends on characteristic couplings becoming weaker as t (or m2 ) 

·~· 
increases. In the field theoretical approach gluon coupling constants 

become small (asymptotic freedom) while in the S-matrix approach 

cylinder couplings k(t) become small (asymptotic planarity}. 

The prospect that physical effects attributed to gluons are 

to be understood through properties of the planar S matrix increases 

dramatically any estimate of the ultimate impact on particle physics 

by the topological expansion. 
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APPENDIX A: Crossing Symmetry and Physical Amplitudes 

As in standard DRM, the complete planar N-line connected part 

is obtained by sUIIlllling over the ~ (N - 1)! inequivalent external 

line permutations of an ordered N-point function of the type shown in 

(II .i). [Two permutations are equivalent if related by a cyclic or an 

anticyclic permutation.] Similarly at the cylinder level, in order to 

satisfy crossing symmetry one must sum over several cylinder config

urations, although in the text we concentrated on one discontinuity of 

a particular cylinder. We were justified in so doing insofar as we 

were studying individual Regge poles. Here we explain how physical 

crossing-symmetric amplitudes are to be constructed from the primitive 

planar and cylinder discontinuities discussed in the text. We begin 

with the construction of a physical three-Reggeon vertex, which will 

include the "end-effects" referred to in Sec. III. In appropriate 

pole-dominant limits where branch points are unimportant, we are then 

in a position to construct physical connected parts. 

Suppose we are given the (planar) coupling G:bc between 

three planar Regge poles. What is the corresponding coupling between 

cylinder-shifted poles~ In terms of the cylinder mixing coefficients 

n gn, , , the answer is evidently 

(A.l) 

a'b'c' 

--a straightforward rule that accommodates the consistent cylinder 

renormalization of both "internal" and "external" particles. Crossing 

symmetry is assured. 
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The construction of the planar couplings Gp for states of 
abc 

well-defined iso;c:pin and charge conjugation has been discussed 

recently in Ref. (5), which develops the relation between Chan-Baton 

factors and the g_uark-line boundaries of the planar dual diagram. We 

have nothing new to propose in this connection. 

As an example of the use of (A.l) let us consider the couplings 

that control the ratio of hig~ energy total cross sections of ill and 

¢. These would be G¢¢f and Gcrwf' where each of the ¢(ill) 

2 2 
trajectories is taken at t = m¢ (mill ) while the f(pomeron) is 

taken at t = 0. In the approximation of Sec. VII we have the 

following nonvanishing mixing coefficients to consider: 

ill 
gl 

-gill = cos a 

ill g ¢ sin -
g¢ e ill 

f e+ gf cos 

f sin a+ . gf' 

(A.2) 

The corresponding non vanishing planar couplings are c¢1,f, 

so from (A.l) we have 

p 
and Gcrwf' 

G¢¢f 
2 - i a+ P 2 e - e+ GP cos 9 s n G¢¢f' + sin cos :u.of 

and (A.3) 

GCIXDf 
2 

Q - a+ GP + sin
2 - sin 

+ p 
cos cos e a G¢¢f'. =f 

(A.4) 

If su
3 

symmetry is assumed for the planar couplings, one has addi-

tionally the c'ondition 
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so 

h 2 ';..{ 2) +( ) 2 -( 2) yc cos e "~=m¢ sin e t=O + sin e t=UJ¢ 

2 - ( 2) +( ) ~ c: 2 - . 2) cos 9-' t=m cos 9 t=O + V2 sin .Q (t=m 
.· (l) (l) 

(A.5) 

sin t/(t=O) 

(A.6) 

To the extent that e-- · is negligibly small at 2 m the 
(l) 

ratio reduces to ,[2 tan e+(t=O) --the result of Carlitz, Green and 

Zee. The ratios listed in $ec. VII are obtained in a similar fashion. 

To construct an amplitude from discontinuities one must .add 

the contribution from right and left cuts. Not surprisingly, when 

this is done for both.cylinder and planar discontinuities one finds 

the usual signature factors for shifted Regge poles. For example, the 

f (pomeron) contribution carries a factor exp[-i~af] + 1, while the 

m contribution carries a factor exp[-i~ l - 1. 
(l) 

Cylinders along the s and u axes have not been considered 

here. With respect to the J plane for the t channel, these 

cylinders give rise to Regge-Regge cuts with the Finkelstein31 selec

tion rules (all~wing certain exotics), but such cuts lie below those 

singularities that have received attention in this paper. 

APPENDIX B: Preliminary Confrontation with Moderate Energy Data 

For two different reasons we confine attention to moderate 

energies: (1) Terms beyond the cylinder in the topological expansion 

increase in importance with energy. Fbmeron-pomeron and pomeron-

reggeon cuts, in particular, have not yet appeared by the cylinder 

level--carrying additional 1/N factors--but such cuts are neverth~s 

expected to increase in relative magnitude with energy and ultimately 
0 

to play a significant role. (2) Confinement of attention to the six c 

leading trajectories ignores degrees of freedom like baryon number 

that go beyond charge and strangeness. At energies sufficiently high CJ 

to excite such additional degrees of freedom the simple model of 

Section VII requires extension. In p3.rticular, the experimental fact ~ 

that total cross sections begin to increase at higher energies is not C 

representable by the six-trajectory model. Inclusion of additional 

high-threshold degrees of freedom, such as baryon number, can 

accommodate the rise without altering the moderate energy predic

tion32133. [the cylinder coupling with lower-lying trajectories can 

push the f above J = 1.], but before making a serious study of such 

threshold complications we thought it worthwhile and instructive to 

confront the simple model with moderate-energy data. 

This preliminary analysis takes its parameters to accord with 

a (o) = 0.57! 0.01 and a (0) = 0.4)·t 0.01 as determined from total 
p (l) 

cross section differences between 4 and 200 Gev. 34 These intercepts 

are consistent with data confined to energies where baryon-antibaryon 

production is negligible, but the displacement a (0) - a (0) is not 
p (l) 

accurately determined from such energies. This displacement we use to 

set the scale·of the cylinder shift at t = 0. 

..c 
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A first question is whether such a modest downward shift of 

w can be compatible with the substantial upward f-shift needed if the 

f is to be identified as the pomeron. In this connection the precise 

value of ~(0) is not crucial. Taking ~(0) = 0.2, together with 

a 0(o) = ap(o) = 0.57, we find from Formula (VII.3) that k(O) = 0.10 

is required to shift a (0) from 0.57 down to 0.43. Such a value for 
w 

k(O) moves af(O) up to 0.81. If we wish to move af(O) all the way 

from 0.57 up to 1.0, one requires k(O) = 0.17; the w .trajectory is 

then pushed down only to 0.39. Realizing that Dash and collabora'~Pr!t8 

have been able to fit all available elastic and diffractive-

dissociation data up to 30 GeV with a single vacuum trajectory of 

intercept 0.85, we are assured that a value of k(O) somewhere between 

0.10 and 0.20 can produce an adequately prominent pomeron while at the 

same time giving the more modest p -m displacement indicated by 

experiment. 

There is at present no experimental evidence to support our 

prediction that p - A2 degeneracy is less broken than p - f. Tests 

at t = 0 based on total cross sections are consistent with p - A2 

degeneracy but are insensitive to trajectory shifts of the order 0.1. 

Data for t < 0 are expected theoretically to be more sensitive to 

Regge cuts and are found, in fact, to be incomp:~.tible with a simple 

Regge-pole description. The accuracy of p - A2 degeneracy is there

fore difficult to determine, either for t = 0 or for t < o. 

A specific choice for k implies, by the considerations of 

Appendix A, definite ratios of reggeon couplings to rr and K. One 

finds, up to a common multiplicative factor, 

'Y p 
l1 

'Y p 
K 
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2 
A2 

'YT[ 

1 
A2 

'YK 

2 cos e+ 

+ ,r;:: + cos e + y2 sin e 

0 

0 

1 

- 2 sin e+ 

(B.l) 

'Y ¢ 0 
l1 

Certain of these ratios are reproduced in Table I in terms of the 

p:~.rameters 

r 
(j) 

-{2 tan 9+ 
af 

af 

a 
(j) 

a 
(j) 

-a. 
p 

- a3 
(B.2) 

- a p 
-a 

3 

One may ask whether experiments on rcN and KN total cross sections 

are comp:~.tible with these ratios when k( 0) has a value comp:~.tible 

with trajectory intercepts. A preliminary study by Stevens'5 has 

given an affirmative answer for energies between 4 and 30 GeV, 

extending the check already made by CGZ for the most easily measured 

f/ f [ + · + ratio 'YK 'Yrc • Stevens was able to fit K-p and rc-p total cross 

sections over this moderate energy interval with f, p, A2, w 

trajectories and residues that are comp:~.tible with the model of Sec. 

VII if k(O) = 0.15, a0 (o) = 0.57, a
3

(o) = 0.2.) 

It is well known that the qualitative behavior of exotic 

versus nonexotic total cross sections is nicely explained in terms of 



-37-

the conventional picture where a pomeron with an intercept near J = 1 

is added to a set of exchange-degenerate trajectories. The difference 

between the present formulation of two component duality (the back-

ground is dual to the full cylinder contribution, not just the pomeron 

piece) and the traditional formulation can be described as the dif-

ference between the strong and weak versions of the Harari-Freund 

ansatz. 

The strong Harari-Freund ansatz says that exotic cross sections 

are relatively flat--a statement which is a consequence of exact 

exchange degeneracy. The contribution from the Reggeons exactly cancel 

each other, leaving only the pomeron of intercept approximately 1 •. The 

weak version of the ansatz requires only that total cross sections for 

nonexotic s-channel processes are larger than corresponding exotic cross 

sections. In our model we expect exotic cross sections to rise toward 

their asymptotic pomeron-dominated behavior. For example, in 1t + 1t + 

+ + and K 1t only the f and p trajectories contribute, with roughly 

equal strength but opposite sign. Since af(O) is significantly 

larger than a (0) even though still less than 1, we expect these p 

cross sections to show a rising tendency at low energies that my 

provide a test capable of distinguishing the two different versions 

of the Harari-Freund ansatz. 

If only the weak version holds how are we to explain the 

• relatively flat pp and K+p total cross sections? The. 

explanation lies in the circumstance that these reactions involve 

a more complicated system of poles and residues. We refer 

the reader to the details of. the K+ p fit35 for an example of how the 

energy variation arising from different components can mutually 

compensate. 

Suppose we continue our model to the positive t region and 

apply it to the physical-particle mass differences between p and (J) and 

between f and A2 • These differences are sufficiently small that 

the first-order perturbation should be amply accurate, and the signs 

of the observed differences are as expected if k(t) does not change 

sign, but the differences are ~ small that the finite width of the 

resonances becomes a limitation. The complex mass is the position of 0 

the pole, whose real part may be shifted from the Breit-Wigner 

resonance "mass" quoted in the standard tables by a substantial fract1a:l.,, 

of the width. The best that can be done in the absence of more 

precise knowledge of the pole positions is a rough estimate· that in 

this positive-t region 0.01 :S k :S o.o4. 
.tl:. 

Even though the mass shifts are only crudely known, their smll 

magnitude suffices to explain via Formula (VII. 7) the extraordinary 

validity of the IOZ rule. If we turn the question around and ask for 

·.~~~~ the magnitude of the cylinder coupling needed to explain the observed 
. 2 

decay of the I> into nonstrange particles, we find k(t=m;; ) ~ 0.02. 

Details of this calculation willbe presented in a seJ:&rate J:&pez-36 

that considers a variety of physical phenomena related to asymptotic 

planarity. 
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FIGURE CAPI'ION 

Fig. 1. The leading trajectory pattern after the cylinder correction 

has displaced the I = 0 states. The scale of the t = 0 

splitting shown here is fixed by the choice ao - ~ = 0.37, 

a0 - a()) = 0.14. 
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---------LEGAL NOTICE------------. 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Energy Research and Development Administration, nor any of 
their employees, nor any of their contractors, subcontractors, or 
their employees, makes any warranty, express or implied, or assumes 
any legal liability or responsibility for the accuracy, completeness 
or usefulness of any information, apparatus, product or process 

' disclosed, or represents that its use would not infringe privately 
owned rights. 
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