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I. INTRODUCTION
1t is jnst ten years since SU(3) as the symmetry scheme for
cla331f1catlon of hadronic states was proposed 1ndependently by - Ne -eman
(1961) and Gell-Mann (1961). 1t is also roughly ten years since. the
,1deas of complex angular momentum (Regge, 1959) were flrst applled to
hxgh-energy collls1ons in an effort to systematize the description of
" peripheral processes in terms of Regge pole exchanges in the crossed
channel . In the beglnnlng these two developments proceeded
independently,'butggradually they_beceme intertwined.
. There wes “the .obvicus use of SU(B) multiplets of mesons and
baryons in dlscuss1on of high- energy processes involving t- channel and
_u-channel.exchanges. Since these exchanges were supposed to be Regge
poles it was- natural to- meke Chew-Frautschl plots (Chew and Frautschl,:
1962) of angular momentum versus the square of the mass of the various
mesons and .baryons to obt&ln evidence on the,actual_ex1stence of Regge
\ trajecfories. In time Regge recurrencesvwere found for several of the
. fundamenpel: SU(3) - multiplets. We see nere a ‘foreghadowing of the
ultimate close connection between low-energy resonant behavior;and high-
energy ﬁeripheral_behevior described By duality.. But before duality -
evolved as a useful concept, there came the bootstrap hypothes1s in
whlch the resonant states in one channel are imegined to be the dynamic
result of forces caused by the exchange of resonant states in the
crossed-channels, This idea connects smoothly to the hypothesis of
Regge exchanges (a tower of particles exchanged) in the crossed channels
as the cause of smoofh power-law'oehaviorvet high energies.
With these concepts end.tne known anelytic properties of
SCettering'amplltndes available, it is not surprising thet finite energy

,sum rules (FESR) and duality should emerge by 1967-68 Dualltz, it

v-2-

‘hardly need be said, is the idea that. the description of & process: in

terms of a sum of diréct channel resonances plus background is equiva-
lent to its description in terms of & sum of Regge exchanges in the

crossed channels. . Furthermore, duality implies that the smooth Regge

_ behavior at high energies, if extrapolated‘to low energies, gives an

average description of the behavior in the resonent region,(“semi-local
ouality"); Some vagueness and confusion'existed initially about

duality, especiall& with the interference model at.intermediate energies,
but this was largely leid to resﬁ by the construction of an explicitly
dual model in methematical terms by Veneziano (1968)5 In the last three
years fhere hes been- an lmpressire growth of—duality‘ano lts offspring.

Two major directions may be recognized. One is the use of the ideas of

duality to guide the construction of models for'comparison and correla-

tion of erperimental data .at botn low and.high energies.»_The other is
the use of»explicit mathematical realizations of duality for scattering‘
amplitudes in an effort to_construct & complete theoretical_description
of hadronie interactions. The most recent developments in both fhese_-
areas are discussed extensively in other papers in these Proceedings.
For -the story of FESR and.duality Quring their first 18 months the
reader may consult seVeral reviews {Jackson, 19703 Jacob,‘l970; Schmid,
1970) where extensive references,to the original literature are glven.
While these developments were taking place the symmetry indnstry
was not idle. Higher symmetries, all the way up to UT(12), were
explored with varying gegrees of success. Some, such as SU(6),
survive toaay in some versions and for some restricted parts of the
.dynamics (e.g;,.ﬁﬁﬁ vertices). The most pervasive, although still ‘
nysterious, development was the ouark model (Gell-Mann, l96h). Offered

originally as perhaps only a mnemonic, the model bas had remsrkable
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success in codifying tne'multitude of hadronic states of all spins and
parities (Dalitz, 1966, 1968; Greeuberg, 1969; Kokkedee, 1969; Meshkov,
these Proceedings). The peculiar absence (so far) of well-established

"exotic" states, that is, states outside the 1, § representations for

mesons and outside the 1, Q, %9 representationé for baryons, is under-

stood immediately'invterm5~of the naive or realistic quérk model
consieting of bound states of qq for mesons and qqq ,for baryons
We will .comment on exotic states in the next sectlon

vTo-return to hlgh-energy phenomenology, the pattern of obserted
Sﬁ(B) multiplets (just those'givenrby the naive quark model) in 7
combination with the bootstrap hypothesis or FESR lead to an_under-
standing,of'the.exchanée degeneracy (EXD) of certain mesonic and bary-
onic Regge trajectories,.firstlpointed out for tne-mesons oh the basis’
of embirical evidenee by Arnold (1965).. The conseguences of EXD and
duality for hadronié proceséesvare neatly summarized in the dnality
diagrams of Herari_(l969) and Rosner (1969). A detailed example of
their application is treated in Sec. V.

The above sketch summary must serve as my introduction. My
purpose in this review is to'give a stotus renort on‘duality in. its
appllcatlon to collision processes at 1ntermed1ate and hlgh energles,
to give some examples of directlons in which experiment and theory are
going, and, most importantly perhaps, to attempt to give some feeling
‘for the nature of "success" or "failure" when a theoretical construct
is confronted with experimental data. The emphasis is on illustrative
exampies, rather than on all inclusive coverage. I apologize for the
- omission or bareettmention of many interesting topics in high-energy
phenomen010gy. ‘The papers by Gilman and Harari in these Proceedings

make up for important aspects of my neglect, and the Proceedings of the

..
Conference on the Phenomenology of Particle Physics, held at the

California Institute of Techmology, March 25-26, 1971 (Chiu and Fox,

1971) can serve to flll the many other gaps in my dlscu581on.

&
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II. EXOTIC RESONANCES AND EXOTIC EXCHANGES
The simple quark model restricts baryonic states to the 1, §,
‘states in the

or 10 representétions of SU(3). The so-called 2"

KN channel (B =1, Y =2, I=0, 1) lie outside this framework., Ever
since the observation of the "Cool bump" in the K+p'_tota1 Cross

"section at c.m. energy W ~ 1890 MeV (Cool et al., 1966) there has been

controvgrsy:over whether or not the structures seen in the I .= 1 and
I =0 KN éhaﬁnels are indeed resonant siates. Af the'saﬁe time

Vsearches have been made for évidence of the exchangé of éxotic quantum
numbers (for example, doﬁbly_charged bosons) in high-energy collisions.

One pgir of relevant processes are
n-p —>K+2-
- :+ e n
P >KY  (1385).

Both reactions have been studied with counter techniques and. the second

one has been examined in a bubble chamber. Preliminary results from a

- Stony Brook-Wisconsin collaboration (Bashian et al., 1971) on the first

reaction at momenta from 2 75 to 10 GeV/c set only upper llmlts of the
order of 1 to 10 pb/(GeV/c on the dlfferentlal ‘cross ‘section
(du/dt)o for a forward-going K'. The Michigan group {Akerlof, 1970),

with data at 2.75, 3.0, 3.5, and 5.0 GeV/c find values of (do/dt),

- + - 2
for 7 p KX ranglng from 0.8 + 0.2 ub/(GeV/c) at 2.75 GeV/e

to 0.11 + 0.11 ub/(GeV/c) ~at 5 Gev/c. The energy dependence of the
Michigan data alone is roughly as 3 5, if lower energy data are
inecluded, the average s~-dependence becomes steeper. The bubble chamber

experiment (Crennell et al., 1971) has data at 4.5 and 6 GeV/c.

Although the statistics are limited,at 4.5 GeV/c there seems to be an

-6-

. . : P + -
unambiguous signal for the quasi-two-body state K Yl ~in the X A
' . +

final state, with an integrated cross section for a forward-g91ng K

of 0.9 + 0.3 ub. At 6 GeV/c only an upper limit of 0.3 ub can be

. set. When these date are combined with others at 2, 3, and L Gev/e,

-n

an energy dependence of s , = 3. 7 £ 0.4, is deduced. This is

. compatible, in the usual Regge framework with the exchange of a

trajectory having an I = 3/2 ‘exotic meson of matural parity and a

mass of 1.0 - 1.5 GeV, but is also consistent with a double Reggg
) + %y

exchange of nonexotic mesons (e.g., p and K .

Another exsmple of the exchange of exotic qqantum numbers is

found in the process,
Kp-Kp

in the backwarﬁ direction. The exchanged quahtum qumbers'are those of 1
the Z* baryon already deécribed. There is'a long histo:y of stuﬁy of.
this reaction and ité allowed counterpart, K+p —aK+p, at increasing
momenta. The latest data, from a CERN-Orsay-Pajis-Stockhplm collabora-
£ion (Baglin et al., 1971), are at 5 GeV/c. The apparatus is such that
the whole angular range is covered, except for thg very fdrwgrd
diffraction peaks at [t] < 0.2 (GeV/c)e. The results for Kip ‘elastic
scattering are shown in Fig. 1.- The very forward region (|t| < 2) is
of considerable interest in its own right and Harari discusses it in
detdil. Our concern <is the sharp backwerd peak observed in both cross
sections; The K_p: backward cross section is of the order of 10-2

times the -K+p at this momentum, but shows & very distinet u-channel

perlpheral peak nonetheless. The 1mpllcat10n is the exchange of z
guantum’ numbers, ‘either as a8 Z , if such exzst or as double or higher

exchanges of nonexotic qua,ntum.qu;n’_ogrs;'a@ding. up to those of a Z._ - A
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hint on the mechanism may be faund in the energy dependence of the
béckward differential cross séction (dc/du)o, shown in:Fig{ 2. At
loﬁ momenta K+p ahd K-p " show Simiiar behavipr; but above 1.5 - 2
7 GeV/c the K'p data follow a 'pqwer law s”? with . n ~ 3.4, while theﬂ:»

K p. data (or rather, the dashed line) have n ~ 12. It is suggestive,

but no more at this stage, than the 5 GeV/c point.lies well above the - -

"dashed lineJ Perhaps the energy dependence isvbegihning to make é
transition towards thefiatterdependence eipected fér,é Regge-cut
intercept, the cut being the resuwlt of A or N and K or A or
N and K* exchange; Only data at even higher momenta can decide.
We find ourselves in confusion over the éxistence of exotic
mesons. anq baryons. Exchanges of exotic quantuﬁ numbers .in the t-
'énd u~channels definitely occur in peripheral processes, but it is
'ugclear whether such exchanges are single _trajectories or
-parallel exchanges of nonexotic states/trajecto?ies. The phase shift
analyses of the KN sysfem in thé region of’the_qul bﬁmp are contré-
dictory,. Most éf the anailyses of polarization and cross section data
on the momentum range 0.8 - 2.0 GeV/c reported at the Duke Conferénce,

April 1970 (Fowler,. 1970, p. 349-L61) favored a P,, 'resonance, or at

3
least resonant-like behavior, in the I =1 KN state at vW ~ 1900 MeV,
- and perhaps a Pll 'resonance‘in the I =0 vstate ét lowervmass. A
.more recent analysis by the Argénne-Northwestern group of ail available
) K+p data in this energy regién shows a fairly convincing resonant P13
wave with parameters W ~ 1.9 - 2.0 GeV, T ~ 270 MeV, 1 ~ 0.25 (Kato
et al., 1971). Lovelace.a.nd Wagner (1971) and Cutkosky (1971), on the
) othe; hand, find no strong evidence for resonant behavior in any I=1

 partial wave. The difficulty in'interprétationfis‘caused by the

presence of strong inelastic channels (KN + Kn§) at 1 GeV/c and above.

-8-
\

"Resonant behavior on an Argand diagram mey be simulated by, or masked

by, a rapid decrease in the elasticity‘parémeter 7 as inelastic channéls
open hp; _ | _ v | |

- The association of the Cool bumpsb (Z*}s) with inelastic
threshold (KA, KfN, K*A) provides_a means;of undersﬁanding exotic

exchanges and direct chénnel bunps without the necesgity of a strong

. commitment to the exchange of Z 's. Of course, the S-matrix theorist '

can rigﬁtly éay that a bump in a.direct chamnel cross section means

-_t@at there-is a pole in some amplitude nearby, and thgt_such a pole cen

be exchanged in a crossed reaction. I will avoid a confrontation,

* -
. arguing that the question of Z  exchange versus maltiple Regge

exchanges may be largely semantics. Thevpoint here is that:inelastic

. channels can provide important forcee for the generation of resonances.

It is an old idea that the opening of the channel N —pN "drives"

the D13(1520) and perhaps the $,4.(2700) pion—nﬁcieonvresbgancés via
the s-wave pN. . state. Recently Aaroh, Amado, and Silber (1971) have
argued for a similar mechanism in the. I =‘0 KN  system from the
X —>K*N “channel. In the I =1 chanheié the reaction KN — KA
contributes élong with KN —aK*N. Thé data on. the inelastic channels

from 0.9 t6 1.3 GeV/c (see the contributions of Goldhaber and Hirats

et al. in Fowler, 1970) indicate that the KA state is dominated by’

the 5/2+. wave right down to threshold,.while the K*N channel has
many partial waves present at 1.2 GeV/c. For 1 =Il, then, there are
off—@iagonal forces from both KN — KA and KN —aK*N A(p-wave) that
cguld be responsible for a resonant Pl3 state. fbr ; =0, thg
several partial waves of the K'N channel could "drive" resonances in

any of laﬂl’ POl? PO}’ DO}‘ ‘These mechanisms are indicated

ey

]
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schematically in Fig. 3. If the z° states are generated iﬁ this
manner it is evident that their wave functions_will possess large
components ef. KA ana K*N.' ‘
The distinctidn between Z* and double Regge exchange of KA

. * : : . .
or KN at high energies is now seen to be somewhat moot. To be sure,

~ there are differences in detail in the Regge amplitudes, but the overall

. .
. ‘effect is roughly the same.

_ In the realm of resonance spectroscopy there is the question
of whether Z¥'s exist and, if they do, are they bona fide VSU(B)
states obeying the mass formula.for a 27, of whatever»higher reﬁresen-
tation is approppiate. The ineiastic mechanisms described above. tend
to make them appeai as secondeclass citizens in an SU(3) wofld,
occurxing only in ioﬁ partiai waves and apparently depeﬁdent for their
masses on the.loeation.ofbinelastic thresholds whose positions depend
in a complieated way on broken su(3) symmetry for mesons and baryons.
On the face of if; this is rather unsatisfactory, as wae emphasized by
Gell-Mann in the discussion at thé‘Cbnference; In any.event, 7%
resonances most likely exist and questionsrof mixing of %,_ §, and gz v
fepresentations might be kept in mind in discussing the suppoéedlyA

well-known states.

It is conceivable that the energy‘dependence‘ofv (dc/du)o vin K-p:
elastie scattering could dietinguish Z* excbange from a double
Regge cﬁt.' For both KA and K N exchanges, ac(O) = al(o)

+ “2(0) -1~ -1.3. For a 2" umass of 1.9 GeV and a standard slope
of unity, the ‘z* 'trajectory intercept would be ‘az*(o) ~ -2.1 if

the spin were. 3/2. .

-10-

Before leaving the question of exotic exchanges.we touch on the
subject of backward pp. elastic scattering. This involves the apparent
exchange of @ =2, I=1, B=2 qﬁantum nuﬁbers. The data of
Baglin et al. (1971) at 5 GeV/c are shown in Fig. 4. There is a-
'defihite peak in' the backward direction with (do/du)O equal to.a few

tenths‘ofa’microﬁarg/(GeV/c)e. When combined with lower energy data

-n

1ab’ with n ~7 or 8.

(dc/du)o' shows an energy dependence of P

Does -this process require the existence of a dibarybn? At this stage

it seems plausible to account for much of the backward ﬁeakvwith the

annihilation‘ chamnels. This is.a type of double exchange (of_ B = l),
but is different in detail. The mechanism is indicated schematically

ip Fig. 5. The annihilation states can be classed as even or odd under
charge conjugation. The C = +1 -states can be thought of ae giving |
rise to the backward pesk via ehadow scattering becguse charge conjuga-
tion can be used to convert the C ;-+1 amplitude at u ~ 0 inte an
amplitude at t ~ O where one can make use of unitarity. 1In the
multiperipheral model, where each particle occupies a more or less
distinct partvof phase‘space; the contributing annihilation states

would be required to be all no's (or other neutral C = +1 particles).
The data on pp - all KO are scarce, to say the least. Inferences
about charge composition from vafious models and existing data on
charged pion final states indicate that the magnitude.of the baekward
peak and perhaps even its energy dépendence can be understood roughly

on this basis. ’ <
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III. ANALYSIS OF THREE-BODY SEQUENTIAL DECAYS OF MESONS
Much theoretical work has been domne on the analysis of spins
and parities of resonances (see, for example, Jacksoh, 1965). The

emphasis iﬁ,grac;ice‘has naturally been.on two-body decay, but it has

been obvious for some time that the meson spectrum is extremely complex

and.dominated by three or more‘particle channels. For these meson
states an analog of the phase shift analysis of élastic.ahd inelastic
scgttering has beén iacking. In the_ ﬂ-n: and K-nx systems séﬁe
efforts are.made io.éxtrapolate to‘fhe pion pole in the t—chgnnel, or
in somé other way to exﬁg?ctn -1 Or g-g elastic scattering 3
infbrmation'f?oﬁ proaucfioq reactions. For thevthrée-pidn résonances
in the Av region or higher and the Kﬂﬂ. states above 1 GeV, however,
until fecently there has 5een no systematic¢ framework of analysis} A
step in the right direction bas been reported by Ascoli and colleagues
(Ascoli ét al., 19703 Kruse, 1971; Ascoli, 1971). The approach is best

described by an example. Consider the process,
aN - ﬁﬂnN,

in which it is desired to study thé three-pion system. The direction
and energy of the recoil nucleon speéifies the angle of production and
mass of the three-pion system. With these quantities fixed, five
variables are needéd‘to describe the configurationfof the three pions.
These can be conveniently thought Qf as the 3 Euler'angles (a, B, )
needed to specify the orientation of the "rigid body" comprised of the
moménté'of the three pions in their o#erall rest frgme-and the 2 energy
variables ,(El’ EE) onvthe Dalitz plot. The amﬁlitude for the process

‘can thus be written as a sum of terms of the form,

<12~

J* JP
DMM' (Q,B,Y) AM! (ElJEe)’

with complex coefficients depending on the producfion variables. Tﬁe
decay amplitude, Aﬁf(El,Eé) dependé on the three-pion maésland thé tofai
angular momentum .J and parity P of the three pions. Its specificg-
tion clearly determines the model or framework to be employed. Ascoli

et al. choose to parameterize Aﬂ? _in'termsvof sequential decays, as

indicated ‘in Fig. 6, since the data generélly indicate the importance

of such decays. The staté JP, which may or may not be resonant, is -
assumed tq deqay intd a kqown reéonance of spin S and a pion, the
relative orbital angular momentum being E.‘ The reéonance then décays
into two pigns. The method of analysis is to include allrlikely reson~
ances S and all allowed ‘é values for each JP in order to build up
a suitably éarameterized Aﬁ?(Ei,EE),,gnd then to add together in a
coherent sum the different JP possibilities,:eachvdistinct term having
its own complex coefficient. A maximum likeliﬁood fit is:then made to
the data. Usually a féaturelesé background is included for the direct
three-pion decays. The metﬁod is noﬁ subtle in principle, but does
involve some effort and disérimination to put into OPeration.

| A sample of the type of results obtained are shown in Figs. T
and 8, taken from Ascoli et al. (1970). The data come from experiments’
at 5 énd 7.5 GeV/é on the reaction n_p_—an+n_n-p. Figure 7 shows the
intensities of different JP stétes of the three-pion system produced
at small momentum transfers as a function of three-pion mass from 1.1
to 1.5 GeV. In this region only the 2" state shoﬁs resonant behavior,

as expected from the more or less established properties of the -A2.

In Fig. 8 are shown relative production differential cross sections for

,0—, l+, 2* states of the three-pion system with masses between 1.2
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‘and 1.4 GeVi The broadness of the angular distribution. for the Ef v

component reiéﬁive to those of the O and 1+- components and_the(

forward dip afe consistént with pfoduéfidn via the exchange 6f a system
of natural parity (e.g., ,p—éxchange), as:evidenged independently fro@
the deeay cprreiatioﬁs for the A,. |
There is nothing stertling ér very new in.these.datg, but the
1 3“‘regions of the

Feieie systemvand'the- Q and "I regions of the Knun system (Kruse;

method is presently being épplied to the A, and A

. 1971). Indications are that the method will be & valuable tool in the

analysis of these complicated systems and for the systematic study Qf
components of definite spin éhd.parity in multi-mesqn configurations,

whether resonant or not.

‘without discussion Pig. 9.
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IV. SOME TESTS OF DUALITY AND. EXCHANGE DEGENERACY
The essential idea of duality in particle physics is that the

low-energy resonances in the direct channel of a given process determine

the behavior (usua}ly periphéral) of the reaction at high energies.

Such a general conneetion is-expected from a modest amount of analYti-'"

city of the amplitudes, but the use of finite energy sum rules and the

assumption of power-law (Regge) behavior at high energies makes the

connection‘verj explicit and detéiled. The historyvand conCepté of
duality are by now wéll kﬁown through the reviews of Schmid (1970) and
jacdb (1969), among others. :Thé idéa of exchaﬁge degenerscy (EXD)-
(Arnold, 1965) piayé an importaqﬁlrole in its detailed aﬁplication,

for example, in the use of thevduality disgrams of Harari .(1969) and

Rosner (1969). As & reminder of the history and main idess I offer

A. Line Reversal

One important test of EXD and the general ideas of power-~-law

behavior at high energies is the comparison of certain "line-reversed"

reactions.’ Consider the processes,

a+b o c+d (with amplitudes A)

‘and its line-reversed counterpart,

c+b - a+d (with amplitudes A).

The name "line-reversal’ comes fiom‘the fact that in the second
process ¢ is incoming and & is outgoing, while in the first a
is incoming and ¢ 1is outgoing. The Feynman diagrahs for one

réaction are obtained from those for the other by formall& reversing

the directions of the lines of a and c.
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These two reactions are related by s-u crossing, where

s

(a+2) = (c+ @2, t-(a-cf=(-ad

: 2 2 : : R
= (b -c) = (a-d)" are the Mandelstam kinematic invariants. It

is customary to. define the energy variable,

v = (s ~u)
o s

LT
-and-use v and t as the two independent kinematic variables; Line
reversal then corresponds to v — -y at fixed t. The amplitudes A
and A can be written in terms of amplitudes ,A(+) and A(°) which

are ¢ven or odd under the crossing of v — -v  as follows:’

u

Iy

KOO

éenerall&, |A|2 # IKI2 and the observables of &b —cd are pof equal
to those for cb —ad. But at high energies it may happen that, to &
good‘approximation, i.g., to leading order in powers of v,

(a) either A(+) =0 or A(—) =0, or

(b) A(+) and A(-) ére 90° out éf phase.
Then the observables of a reaction and its line-reversed counterpart
will'bé simply rélated (differential_cioss sections equal when corrected
for statistical weights of spins, polarizations either very small or
-equal aﬁd opposite, etc.); ‘The spéctrum of ‘particles and the gquantum

numbers exchanged iﬁ the t-channel sometimes imply (a); EXD sometimes

.implieS'(b).
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(2) A test 1nvolv1ng4§uality and FXD

An example of the 1nfluence of FXD is afforded by the charge-'

.exchange reactions,

K+n - Kop' - and K.ﬁ - aﬁon.

Line reversal (and- time reversal)-relate theée proéesses, At high
energies -the dominant t-channel exchanges are op cdntributing to. A(-X)
and A2 (;ontrlbutlng to A(+T) From the presence of 1ow-energy res-
onances in the KN channel and thelr v1rtual.absence in the KN
channel, we infer via duality that the p- and A, are EXD with the
'couflingé such’ that the aﬁ?iitudesifor Kn —>Kop are predominantlyv'
real, while those fox‘ Kp =% have the same magnitudes, but a
t-dépendent phase, ,exp(;iﬂap(ﬁi)b »The di?ferentig;'crqss sepﬁiqnﬁ are
expected to be equal at high energies. Figure 10 Shows a comparison of .

cross section data at aﬁproxiﬁately lé'deV/c; Within the limits of

‘accuracy {(125% in the forward direction) of the data on K+h #?Kpppithe

equality‘of the two cross sectioné is established for |t| < 0.6 (GeV/cfi
In passing we note that the pfesent example affords a real test of EXD,
whereas tﬁe comparison of n‘p ->non and npp _;n+ﬁ, even'if_possible,
wﬁuld not. In the pion charge-exchange prbcésses ogly p-exchange
occurs at high energies [case (a) above] because of G-parity, and
independently of any-exchange mechanism the two reactions are related

by an isospin rotation.

() Line reversal comparisons not involving EXD

" The comparisons of pp —;n;ni with %p — nip oz‘” -ﬁp SKK
ﬁifh‘ K+p —»K+p at backward angles, corresponding to -s-t crossing at
fixed -u, provide interesting examples ofvline-reversal. . The recent
5 GeV/c data of Baglin et al. QlQ%l)v on Sb'—aﬁ'n+ are shown in fig.
11. The peaking at small ‘ﬁl,'éorresponding'té a:smgl;‘mpmentum v

RN S
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transfer between p. and % , .transforms under line reversal into the
backward peaking (at small u) iﬁ n+p —>n+p. Correspondingly, the
even sharper peak in thg backward direction (small momentum tr&nsferv
_between p and n+) in Fig. 11 is to be combared with backﬁard TP
elastic écatteiing. These.comparisoqs are shown in Fig. 12, where the
differential cross section for pp - wxn  is compaféd with one half pf
the gN- elastic scattering cross section at small [u]. There is a
‘question of the laboratory momentum at-which these comparisons should

be made. For s;f crossing at fixed .u, the prdfer choice is at equal
total energies in the c.m.. With 5 GeV/c T incident on p, the
‘corresponding laboratory momeﬁﬁum forv np scattering is 5.5 GeV/c.
Withoﬁt data at exactly this momenﬁum, some récipe is necesséfy to

scale data atbneighboring'moménta. The most plausible procedure follows
from the observatién that

- 2 2 do

P

m " Pl gf = comstant X m|2

where inz is the Lorentz invariant Feynman amplitude and- m, is the

’ } : . , 2 do
-mass- of the target (mt = mp here). If the dependence of PLab =
on PLab for fixed t or u can be approximated locally by a power‘
law, (PLaﬁ)Ea’ then the line—reversai comparison of sguares of matrix
elements can be made by scaling the nrp cross sections at a neigh-

20

“boring momentum P gy @ccording to. (5.5/?Lab) and then multiplying

by (PLab/5.O)2. Thus we compare

- i
2

5.G¢V/c

do — PLab>2 _5__2 . do |
-1, - K38 G2 g,
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In Fig. 12 the = 'p data of Baker et al. (1971) at 5.2 GeV/e, for
example, are used in the upper half of the figure, while the data of
Owen et al. (1969) on x p scattering at 5.91 GeV/c are scaled in the

lower half of the figufe. Actually, the scaling recipe used to get the

‘points for ﬁtp in Fig. 12 is not known'tome. The dashed lines on the

figure represgnt the resuits of the recipe Jjust stated. The reader will
note that apparently there can be differences of order 50% ér more
depending upoﬁ the scaling procedure.

In any evenﬁ,'ﬁhe_comparison,of these line;reversed reactioﬁs
shows fwo gqualitative features. Firstly, the general_shapes.of ﬁhe

differéntial sections agree, although the region of the sharp dip at

u ~ -0.15 in n+p _,ﬂ+p has not.yet been expY¥ored in §b —9n_nf. The

sécond qualitative feature is that the normalizations of the cross
sections of pp —»7n" and .xp > p do not agree. Even with my
dashed curve, the difference is_not much less thén a fac#or of two.on
the average. For n+p, the compérison is much betﬁer.

What do duality or EXD predict? Nothihg. Backward “N;
scattering‘at high enefgiés is assumed to be dominated by the exchange
of baryon states with the quantum numbers of the nucleon (N) or the
(3,3) resonance (A) and their Regge recurrences. For g+p backward
scattering both N andv A trajectories contribute, while forb © P
only the A trajecto;y can be present. Since the N and the A have
opposite_signature and there is no reason .for EXD between them, the
line—reversed reactions are not expected to be equal. For 5D
scattering, however, only one Regge exchange occurs tcase (a)'above]
and the line-reversed processes shouid have equal observables. The
results shown in Fig. 12 are exaétly oppésite to_expectatiohsl There

seems to be no ready explenation for the discrepancy, except that 5 Gev}h
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is not high enough in energy. -The agreement found for nfp ~in the

Top half.of Fig. 12 must thén be describéd as fortuitous even thpugh

thé N trajeqtory.is thought té dominate. 1In tﬁese circumstgnces it

» is very impoftanf to study‘ §§-¥yn-n+ at Very small momentum transfers

. between P and x  to searéh for dip structure at u ~ -0.15 (GeV/c)
A coﬁpafison of the two processes, ﬁbk—uK—Kf and K*p _;K+p

backward, is given in Fig.:lB, this time with data on both proéesses

at 5 GeV/c in the sametapparatus (Baglin et al., 1971). Our recipe

‘given above now reads

[%% (b2 ;)g-K+)]5 GeV/e - %(gf%) . [%5'(K+P."K+P)]5 cevfe

:Empi¥ically, the exponénf isJ“2a ~ -1.0 -at small wu. This leads to
somewhat hiéher’points for ’K+p than shown in Fig. 1%, improving the
agreement in normalization for iuf <1 (GeV/c)g, The overall corre-
épondence betweenyline-reversed reactions here is. as unexpected as for
g+p since several_unrelated"Y = Q baryon trajectories of different
signature [AO, EO, Y*(l385)] are expected to contribute.

| Tﬁe ﬁomparisons éhown in' Pigs. 10, 12, and 13 indicate that
iine-reversal tésts'are difficult to inﬁerpfet. _Wé advertise the
agreement in Fig. 10 as confirmation of EXD and duality ideas, bﬁt we
are at a loss tozuhde;sﬁand the-disagreement shown in the bottom half
of Fig. 12. A ?ossible_rationali;ation can be found ih a recent paper
by Finkelstein (1971). He_usés arguments connecting Regge cuts'with
third double spectral functions together wifh EXD and duélity diagrams
-to obtain a selection rule fof the presénce or absence of Regge-Regge
cuts (as ppposed to pomeren-Regge cuts). This.rule forbids such cuts

in the J-plane in KN and KN charge exchange, and thus implies the

2
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onset of EXD behavior at relatively low energies. The ag;eement in
Fig. 10 is therefore "understood.™ Tﬁe disagreement between backward
np data and pp — sx data (Fig. 12) can be rationalized within this
framework by invoking an eveq-signatured Régge-Regge_cut coﬂtributidﬁ;
e g., ﬂ-N';or A2 . ‘
Such "explanétions" have implicit iﬁ them the prediction.thgt the
différences between su‘ch iine;r'eve;-sed procéssés should becoxjne ‘s_ma.llér :
with increasing éneréy.'
B.: Polarizatioﬁ

‘TheVphaSe inform@?ion contained in duality diagrams meéns thﬁt
certain predictions about.polarization can be made. One ékample
involves K+p,e;astic.scéttering.'.The abgence of resonanées (lqw spin
A are omitted frém.conSidération) means that bbth.the'tachannél
exchanges (mesonié'st@tes):andithe'uéchanpel exchanges (I = 0 and
I=1 Y* .states) give EXD contributions at highgenergiés. These-EXD
eontributions make all the Regge-éxchange amplitudes real, except for
the contribution of the pomeron. fhe polarization in K+p elastic
scattering is tﬁus e*pectéﬁ to be ﬁonvanishing in the forward direction
where the pomerom contributes, but should be very small of zero in the
backward hemisbhere. This prediction was given ﬁijchmid (1969) when )
he verified that the Y states in the I =0 and I =1 KN chemmel
were indeéd exchange degeneraté in their resonance parameters.

Data on the polarization over the whole angular range -at momenta
from 1.3 to 2.53 GeV/c have been presented by fhe Yalg-group (Hughes |
et al., 1970), and more recently from 1.6 to 2.31 GeV/c by a group .
working at Argonne (Barnett et al., 1971). These latter results aré

shown in Fig. 1b. A sizable feétureles§~polarization';n the forward.

direction is evidenced at-all momenté,'while'the'polarization in the ’

-N, ih addition to the odd-signatured A Regge pole.

g
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backward direction is small and consistent with zero, in agreement with
expectations. A tendencey for much smaller polarization in the backward
hemisphere than in the fcrwafd is present in the data even at momenta
as low as 0.97 GeV/c (Andersson, et al.;.l969). This remarkable feature
can be undérstood.from the absence of Regge-Regge Cuts in ‘KN elastic
scatterlng according to the duallty selection rule of Finkelstein (1971).
Although the statistical accuracy of the backward polarlzatlon does not
permlt,a stringent tcst, these overall qualitative features of the k" D
pclafizatich give.convincing support for duality and exchange
degeceracy.* .

Other polarization_predicfions basedvon duaiity diagrams do not
fare as well cs the above example. A whole class of_procesSes which
involve the transfer of a X guark from an initial'meson to a final
baryon (Xp _;ﬁ—z+, KD - wh, etc.) have, of'nccessity, nonplanar
dualit& diagrqms.  Following Harari (1969), we argue that both_flip‘and
nonflip amplitudes will be real at hiéh energies fcr such reactions,
with c consequent zero of at least very small polarization. There arev
at prescnt only fragmentary data on the polarization in these processes
above 2 GeV/c. The most studied is KN - xA, where it has been known
for some time that the polarization . is relatively large at incident
momenta from 3 to 4.5 GeV/c (Barloutaud et al., 1969; Yen et al., 1969;
Crennell et ai.;ﬂl969). But a discussion of this reaction is the subjecf

of the next section.

Another good example of polarization data, the comparison of 'K+p
and K p in the forward hemisphere, was cited by G. A. Ringland in

the discussion after my talk. See thé text of the Discussion.
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V. A CASE STUDY IN DUALITY BY MEANS OF FESR
A detailed illustration of the nature of the successcs and
limitations of duality arguments is obtained by the study of a specific
reaction at 19w and high energics.by means of FESR. Exchange degeneracy
can be studied in both the direct and crossed channels. The causes of
failures of EXD and duclity can perbaps be pinpointed. The exampie to

be discussed here is the process,
s

.K_n Y ﬂ-A
and its line-reversed partner,

x'n - KA.
The duality diagrams for these reactions are shown in PFig. 15. The
s-t disgram (for Kn —xA at small t) is nomplanar, while the u-t
diagram (for x'n —>K+A) is planar, as is the. s-u diagram. The
implication of small or zero polarization for Kn->x A at lgrge 5
and fixed t has been mentioned at the end of the last section, as has
the contrary experimental QbServation of appreciable polarizetion at.

3 - h'5 GeV/c 'It was in an effort to eluéidate the reasons for this

failure of duality that R. D. Fleld and T undertook an 1nvestigation of -

these processes by means of FESR (Field and Jackson, 1971)
A. The Sum Rule Calculation

The calculation with FESR has maeny problems. The inelastic

nature of the procésses means that there are iarge unphysical regions

for which the couplings of the various states are not directly known.
Even in the physical region the parameters and even the number of
resonances are uncertain. Undoubtedly meny people in the past thought

of applying FESR's to inelastic reactions like these, but were deterred
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by the uncertainties. Our approach is to obtain'as consistgnt aé
rossible a description of the reactions at high eneréies within the
latitude permitted by the unknowns and ambiguities qf the low-energy
data. v5pecifically, V

(l).lwe use only the ‘n'= 0 sum rules in the narrow resonance
approximation; » A N

(2) we use SU(3) to estimate the éouﬁlingsvof states beloﬁ
threshold [e.g., 2(1385)%+];

+ v _
(3) we vary the D/F ratio of the L baryon octet [N(938),

2
£(1193)] to fit the differential cross section of Kn —x A at high
eﬁergies;

“ . (4) we fix the trajectories of the even and odd-signatured effec-

tive Regge polesby reguiring that a(+);= O when

v
5 I}
v ImA (+)(v5t) dv = O
0 '
and a(') =0 when
jo o
v Im B(f)(v,t) dv = O.

The first gondition assures that the even-signatured émplitude does‘not
have a singularity in the physical region._ The second condition
implieé that the t-channel spin-flip residue of our effective K*(890)
vRegée pble has a wrong-signature'nonsense zero. The latter is a
débatahle point, but because of'the necessity of using the narrow
resonance approximation we seem forced to deteimine the effective
trajectories in.tbis mannef. The calculation includes 8 X (r =1,

Y =70) resonances and 5 N (I = %; Y = 1) resonances above
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threshold, and 2 X and. 3 N states below threshold. Of those

. below threshold, the nuclecn N(938) and sigme x(1193). are most

important, with the x(1385) also significant. The couplings of the
+
N -and = % baryons to certain channels are known approximately.

The situation of interest to us is shown in Fig. 16 .where the SU(})

expectations are plotted versus D/(D + F), with ,ge(p —;ﬁop)/hn = 14.6.
The historic determinations of Kim (1967) and Zovko (1966) are indicated,

as well as one ‘for 5O A by Chan and Meiere. (1968). More recent’

anglyses do not_change»the overall picture, the results tending to

~ cluster around D/(D + F) ~ 0.6 £ 0.1 or 0.9 f O.1. The high-energy

observables, determined through the FESR, are,éensitivé to the choice
of D/(D ; F). vThié sensitivity is shown in the top part of Fig. 17
vwhere a comparison is made between the“differentiél cfossgseétion for _
K n - A at 4.5 Gev/e ahdtfhe'sum rule prédictions-for various indicated
values of D/(D + F); If the célcqlation has any meaning, it appears
that couplings corresponding to the SU(}) valﬁes with D/(D +F)
between 0.6 and 0f75 are indicated. The optimum value of 0.675,
indicated by the vertical dashed line in Fig. 16, is comfortably close
to the theoretically pfeferred value of 0.60. 1In the bottom of Fig. 17
the changes caused by variation of the VZ(1385) coupling are indicated.
The:kind of agreement between the sum rule resulis and the

differential cross section for Kn — yx A at incident momenta of the

~order of 3 to 4.5 GeV/c can be seen from Fig. 17. The predicted polar-

ization is compared with the datavin Fig. 18. Within the rather large
experimental errois, the agreement is satisfactory. The shape of'the
differential cross section as a fupctioﬁ of incident energy has been
studied by a.group at SLAC in the reaction ﬁpp'—;n+A from 1.0.to

8.0 Gev/e (Biody et al., 1970). These data indicate a shrinkage of
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the width of the forward peak, quite consistent with the standard Regge

shrinkage from our effective poles with a trajectory slope of order

unity.

B. Evidence for Duality and EXD
’“Hﬁving shown that’ the sum rule calculation works in some sense
for Kﬁni-ag_A, we turn to our original purpose, the search for duality
and its breaking. The straightforward comparison is between the ampli-

tudes (trajectories and residues) of the even and odd-signatured

" effective Regge poles. .Such a comparison is displayed in Fig. 19.

- The trajectories, determined as indicated above by the vanishing of the

residues a(f)(t) and b(-)(t); are seen to be roughly exchange degen-
erate. The.fesidues are p;ottedfsothatagreementkbetween the curves
indicate; EXD. Evidently, the_tQChannel helicity flip residues,
b(+)(t) and b(_)(t), are closely EXD, but the t-channel nonflip

residues, a(+)(t) and a(-)(t), are'not. This pattern of breaking

 of EXD is fairly common, in fact, and is understood by experts in Regge

cut models (see, for example, Fox, 1969).

One might stop at this point and say that EXD fails for the -

A’ amplitude,:presumably because of Regge cuts (high-energy language)

o; nondual resonance contributioﬁs (lbw-energy langusge). And T will
return to.this point, but first vaish to ask whether duality diagrams
failed. The point ?s that Hafari and Rosner said nothing direcfly
about Regge residues. Rather, they saia that; if the duality.diagram
is pianar or nonplanar the phases of the nondiffractive part of the
amplitudes are -iga(t) or zero. It is therefore reasonable to ask
what‘the phases of the FESR amplitudes (A',B) forkaﬂ - A and
(A',B) for xN -KA are as functions of t. The answer, shown in

Fig. 20, is that the phases behave very much as expected from duality

-D6=

diagrams. The phases»of A' and B are small and esSentialLy indepen-
dent of t for |t] <0.5 (GeV/c)g, while the phases of A' and B
increase more or lesé linearly with .lt‘. The B and B phases are
the best, as expected from Fig. 19, but even the A' ana A' phases
are reasonable. Note, however,.thét these same phases are responsiblg
for the nonvanishing polarization shown in Fig. 18.

Anothér aspect of duality in these reactions is the behavior
of the's—channgl resonances. The duality diagrams of Pig. lg'imply that
not only the t-channel states [K*(890) and K*(1420) trajectories]
are EXD, but also the sjchannei states (I states). The EXD pattern
of masses of the I =0 unﬁ I=1, Y =0 baryon states and their
couplings to the elastic KN channel has already been explored by
Schmid (1969). In the top half of Fig. 21 the EXD mass spectrum is

. + + .
shown for the I =1 states. The (% ; % y-++) trajectory is

degenerate with the (% y % yere) tr&jeetory,'and Similarly'for the
5+ + 1" = .
(=, % see+) and (E s % y**+). For the reaction KN — xA, duality

requires that the couplings be Eg&i—EXD, that is, alternating in sign
along each trajectory from even to odd parity (so as to add coherently
in the béckward direction, since the s-u duality diagram is planar).
The observed couplings of the X resonances do indeed ﬁafe the required
alternatioﬁ in sign, as is shown in the bottom half of Fig, 21.. This
beautiful anti-EXD behavior of the & states in XN - A, and also
the A and 3§ states in i ;>nz, has been emphasized independently
by Schmid and Storrow (1971). '
The conclusions so'far are that
(a) duality diagram predictions of phases of high-energy amplitudes

work semi-quantitatively;
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‘ (b) .EXD effects at low energies in the direct channel are a semi-
local propertyg
(¢) polarization data alone are riot reliable indicators of the
success or failure of a theoretical concept.*
| C. Troubles
The'discussionveo far has been fairly satisfying for duality
. and EXD. We now toueh on the troubles. Our-eﬁphasis has‘been on
EN»—>nA, but the 1ineereVersed process, nN»—>KA, should be equally’
"well described at high energies. Tt is not. With roughly EXD traj-
eetories for the.even.and odd-signatured'effeofive Regge poles, we
obtain essentialiy equal oifferential cross sections for the two
reactions, and equel and opposite polarizations (indicated in Fig. 18
by the dashed line for xN —;KA). As pointed out by Lai and Louis .
(1970) andbothers, the differential cross section for N - KA 1is _b
more sharply peaked than that for XN - 4, while the integreted Cross
section is considerably smaller, at least at momenta up to. 5 GeV/c.
Fﬁrthermore the polarization for x~p —aKoA at 3.9 GeV/c (Abramovich
et al., 1971), while consistent with the dashed curve in Fig. 18 for
]tl } 0.3 (GeV/b)?, is positive at smaller Itl values. On any score,

"then, EXD seems to fail miserably for iMis pair of reactions.T

At the conference this statement drew considefable fire ffom the
aodience who felt that I had previously, at the Saclay Conference

on Polarized Targets in 1966, taken a strong stand. in favor of
polarization measurements! See the Discussion.

T The behavior of the polarization under iine reversal is explained
within the framewofk of phenomenolgoical models by invokingnpoﬁeron-

Regge pole cuts with the . pomgronfimgaeeﬁany Javing a nonzero slope
(Krzyw1ck1 and Tran Thanh Van, 1969)
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What rationalization can be offered? First we note that the

results of Brody et al. (1970) on the slope of the forward peak in .

KN - xA as a function of increasing momentum indicate that by 10 GeV/c

the slope will agree with the larger s-independent slope for - aN — KA. T
Similarly, the trend of the integrated cross sections shown in Fig.vB_ |
of Lai and Looie (1976) imply an approach to equality. The signs point
to 3 to 4.5 GeV/c being not sufficiently high energies. Support for
this idea is found in'thevRegge-Regge cut-seiection rule of Finkelstein
(1971). Both processes are expected to heve contributions from such
cuts in the J-plane in addition to the 1ead1ng effective Regge poles,
as are the equally problematic KN -5z and nN - KZ.
There remains' the question of why our calculatlon sﬁcceeded

reasonably for KN — xA and failed for sN -> KA. Partly it is because

‘we FPocussed on the first process in determining the N and = couplings

(see Fig; 17), but that is not a valid explanation. We attempted
instead to match the more sharply peaked differential cross section of
N - KA and we;e uneble to obtain a steep enough slope in fhe forward
direction. The FESR calculation just seeme to favor KN —»nA;_ A -
possible reason can be found by noting that the KN - A reaction is
exothermic, while aN - KA ie endothermic by 530 MeV. This means that
peripheral (high spin) resonances are preferentially favored in their
couplings by centrifugal barrier effects in KN - sk, but are strongly ’
inhibited in xN —>KA. The observed couplings dramatically disblay
this feature. Nueleonic states such as D15 at 1670 MeV aﬁd F15 “at
1688 MeV, both important in elastic N scattering, have negligible
couplings to the KA channel. The consequence is that the Y =0

parts of the sum rules have appreciable contributiéns from the

peripheral resonances that are believed to be dual to the highest iying
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t-channel singularities in the J-plane. On the other hand, the Y = 1
parés‘receive COnfributioqs only.from relatively low spip states, prob-
aﬁly dual to lower lyipg t-channel J-plane singqlarities. If we now'.
invoke fixed-t dispersion_relations'to argue that at energies not far
above the reéongnce region in one channel the real parts of the ampli-

tudesxare-influenced more by the. resonances in that channel than by

-those in the crossed channel, we have a plausibility argument as to why

the FESR work better for KN - gA" than for xN — KA. The sharper

" forward peak in the latter process is no barrier here. 1In inelastic

processes there is no necessary correlation between the high-energy

trdependence'and the peripherality of the resonances at low enérgies.
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VI. PHENOMENOLOGICAL MODELS AND DUALITY
It is not appropriate here to attempt a'survey of phenomeno-
logical models on the scale of my review.at the Lund Conference
(Jackson, 1970). ST will restrict'the discuésipn to some of the aséects
that bear most directly on duality and exchange degeneraéyi An up-to-

date survey of phenomenology is provided by the Proceedings of the Cal

* Tech Conference (Chiu and Fox, 1971).

.A. Regge Poles Plué Cuts
It is generally accépted_that'peripheral reactions cannot be
described in detail by ordinary Regge poles alone, but require a more

.complicated J-plane structure. Conspiring poles or Lorentz polés are

one direction of incfegsing complexity, but this approach runs into

‘difficulties. The most plausible augmentation is the addition of Regge

cut amplitudes, viewed as arising from the exchange of tw@ or more

" Regge poles. In a charge exchange or inelastic process, the Regge cuts

arising from the confolution of a poﬁeron with the basic Regge pole
exchange are a direct Regge generalization of the 0ld absorption model
and SO shére its Physical motivation. Thére are, in addition, Regge
cuts generated By the exchange‘of'two or more Regge normal poles (not
the pomérqn). All of this can be represented symbolically by a repfe— _
séntation of an amplitude‘\A: . |

n

A = (F(P+ Z R) +iP@P + 1 Z POR,

+1 Z R@®R, +el1)

m;n

where P represents the poméron Regge pole amplitude, Rn the normal

Regge poles (p, Ay, P', w0, N, A,*++), and the operation ® indicates
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a:convoiution integral leading tp a Regge cut. Some workersbretain
only. the poles plusvthe P@R cuts, the dangers of whiéh were
emphasized recently by Harari (1971). Other models, such as the Regge
eikonal ﬁodél of Arnold (1967), contain contributions from all the :
iterations, at least in pfinciple.
| - The Regge cut models may be di?ided roughly into two classes,
known in the trade by‘two names from the American midwest, the Argonne_
vor weak cut médei and the Michigah or stréong cut model. Eiamples of ﬁﬁe
tﬁo'types of models are found in Arﬁold and Blackmdn (1968), Blackmon
and Goldstein (1969), Lovelace (1969), Meyers and Salin (1970) for the
. Argonne model, and in Henyey, Kane, fumpliﬁ, and Ross (1969), Kelley,
Kane; and Henyey (1970), Xane et al. (1970) for the Michigan model;
The work of Drouffe and Navelét (1971) is intermédiaté, although closer
to the Argonne.model, in spite of strongervcuts.
The models differ in their input for the basic Regge poles.
The Argonne model uses EXD, with the same residue functionsvfor the
corresponding even and odd-signatured Regge poles. FIts odd—signatured'
polevamplitudes-thus possess wrong-signature nonsense-zeros (WSNZ).
through factors of a(t) which were necessary in the even-signatured
amplitudes to prevent unphysical (tachyon) poles at negative t. The
traditioh viéw‘is that such WSNZ are present,the most famous evidence
being the dip in" #xp »0n at t ~ -0.5 (GeV/c)e, aétribqted to the

vanishing of ‘ap(t). Because certain desirable dip structure is

contained in the basic pole amplitudes, the Argonne model has relatively

. weak Regge cuts to turn zeros into dips, etc., but not strong enough
to alter radically'the t-dependence of the full amplitude compared

. to the polés alone.
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The Michigan group, on the other hand, more or less igﬁores
EXD, WSNZ, and other niceties of Regge theory énd.parameterizesthe input
pole émplitudes with relatively featureless residues possessing none of
the zeros associated with» a taking 6n integer values. The crossover
zeros at t ~ -0.2 and fhe dips at t ~ -0.5 (GeV/c)e emerge as pole-
cut cancellations, provided tﬁé strength of the cutlisvla;gé enough.
The cut strength is typically'l.j to 2;5 times that.expeéted from thé
physicél ideas éf the.simple absorption model;'an_enhanéement which the
Michigan workers attribute to the preéeﬁce of diffractive dissqciatién
channels in the infermediate states.

Thé confroveréy over which model is cl&ser to reality has beeh
goingvon for‘a year or fwo and is still in progress. The two versions
give imaginary parts of the full amplitude that are roughly the same,
but generally give rqal parts.that are different. The quaiitatiye
behavior is shown in Fig. 22 from a paper by Phillips and Ringland
(1971), where the behavior in t of the real and imaginary parts of
the polé and total p and (A2 -s=-channel helicity-flip amplitudes
(R + iP@R) for the two models are displayed. The Mi_chiga.n amplitudes
always have a linear zero in both real and imaginary pafts (at roughly
the same t value, in this case, t ~ -0.5). The Argonne amplitudes

are close to the pole alone, and have linear zeros in the imaginary

In fairness it should be observed that in the old absérption model
the best fits were obtained with more absorption of the low partial
waves than was contgined in the élastic scattering in the entrance
channels. In fact, the working rule seemed tb be complete absorp-'
tion of the sfwaves; The Michigan model has, however, even more

absorption than that.

-
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pa%ts,.but either quadratic zeros-(odd-sighature) or no zeros (even-
signature) in the réal pﬁrts. -

These différences éive hope of distinguishing between the
models. - Berger énd_Fox (1970) suggest measureﬁeﬁp of Wolfenstein's -
A and R parameférs-in inelastic reactions iike KN - xZ at high
energies;v The~ca1culation$.indicate véry different béha&ior of A and
R lés,functions of' f for the two-models. Because'data.pn A and R
are not yet available (théir observation reqqires polarization of both
-initial and final bafyon); Phillips and Ringland (1971) examined
whether N poiariZation data could distinguish between the mo&els.
For the_comparison_they musﬁ augment thevMichigaq model by some ghoice
of P_Vand P! ‘amplitudes'siﬁce the Michigan group eschew elas?ic
scattering. Phillips and Ringlgnd use FESR to restrict the form of
the (P + P'). co#tribution, as well as to verify that (P + P')_ enter
mainly in the s-channel ﬂonflip_amplitﬁde h++, whilé the p enters
predominantly in the flip amplitude 'h+_. The poiariiation in N

scattering is thén proportional to
; _ ' )
Im h++(P + P') Re h+_(p) Re h++(P + P') ;m h+_(p)

ﬁith the first term aom;nating; From the left-hand column in Fig. 22

it can be inferred'fhaf‘the Argqnné model gives é roughly.quadratic

. gero in the péiarization at t ~ -0.5, while‘the Michigan model gives

.a iineqr-iero théré; A comparison of Phillip's and Ringland's calcule-
tion with the 6 GeV/c data is'shown in Fig. 25. The.Argonne model

(solid curve)‘seems to give a better fit ovefall, although for [t] < 0.5
the Michigan model (dashed curQe) is superior. These results are
suggestive. - Proﬁonentéléf EXD and wegk cuts will take heart,:but

phenomenological:mOdéis.&re not destroyed with a. single blow (like

.-5hf

old soldiers, they never die, they just fade away). Harari's quasi-

" geometrical approach bears on these considerations; for his views.the

reader can look elsevhere in these Proceedings.
B. New Interference Model
Brief mention should be made of a develépment in the inter-

ference model, a hybrid description intended to apply to the inter-

imediate energy>region where aspects of reéoﬁant and Regge behaviors

supposedly coexist. With the?cqming of duality, the ériginal inter-
ference model (Barger-and Clihe;_l967) was criticized for douﬁle 3
counting. Dualityidoesinof permit_tﬁe addition of direct-channel
resonance amplitudes and t-‘or,ﬁ—éhannel Regge exchanges. Study of .
the Veneziano ampiitudé leads to a new form of_the interference model

that is in principle free from the previous problem of double counting -

_(Couiter, Ma and Shaw, 1969; Ma and Shaw, 1971). In keeping with. the

nomenclature of the_previous section, I will call this the Irvine model.

Consider a process described by a sum of Veneziano amplitudes

~with resonances in (s,t) and (u,t), and examine the behavior of the

amplitudes at lérge s and fixed t. Then it is well knowh'that the
s-channel resonances give:an asymptotic Regge behavior, (rs)a(t),
while the u-channel resonances give ‘(s)“<t). The combination gives

& high-energy behavior,

28 (5,1) @ (c)XB) 4 (28] | peb(®) g y2(t),

If an interferenée model is to be constructed by inserting the s-chanﬁel
resonances explicitly, then the Regge-like background term should be
only that part of the t-channel Reége pole that is dual to the u-channel
resonances. This is ﬁﬁe second (reéi)_term~abcve. The Irvine

model‘fbr forward scattering is therefore
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A(t)(s,t) =‘ E: (s-channel résonances)i + B(t) sa(t)
i - -

vhere p(t). is a real, unsignatured Regge residue, or actually a sum
ofvsuch terms for the varioué t-channel.Regge exchanges. For backward
scattering, a similar form applies. if one adopts the Freund-Harari
concépt of resonances being dual to the normal t-channel pbleé and the
backéround beigg dual to the poieron, theh the above amplitude must
have a pomeron contribution added to it for_fofward elastic scattering.

As stressed by .Schmid at the Cal Tech conference (Chiu and Fox,
1971), the new interference model, with its Regge-like background dual
to the resonéncesvin the line-reversgd channel, is more strictly delimited
than the ola. |

s ) o
For example, in K n charge exchange only the real Regge-

like background enters; for K p charge exchange only the resonances
éonfributé; for K p -elastic scattering, only the pomeron plus reson-
ances occur (Karasuno and Minami, 1970). .

The Irvine model has considerable practical»succesé»for N
béckward elastic scattering, apparently explaining curious features of
the polarization at small u in the momentum—fange 1;8 - 2.3 Gev/c
(Ma and Shaw, 1971). '

C. Dips Implied by the Veneziano Model
' The use of the Veneziano model in fitting data has become a

popular sport in the past'two years. The game is called B

>

ology since the model is applied mosf'commonly to reactions with five

phenomen-~

particles (two incident, three emergent), and involves ad hoc modifi-
cations of the Veneziano model in order to obtain finite resonant
widths and to include -diffractive 5ca§tering and pion exchange. These

activities can be ﬁraced through the following representative recent

‘ +.
by Lovelace (1968) in his discussion of pn»—an TR .

. the poles of the gamma function in the denominator.

_36;
publications (Bartsch et al., 1970; Baier, Kihnelt, and Widder, 1971;
Mellema et al., 1971; Pokorski, Szeptycka, and Zieminski, 1971). ' A s

A more conservative use of the Veneziano model is as.a qualita-

" tive guide, rather than as a realistic model for explicit phenomenology %

" (See the paper by E. L. Berger at. the Cal Tech conference, Chiu and

Fox, 1971, for a general presentation of this point of view.). One )
example here is the pattern of zeros. contalned in the dual amplltudes
as a result of. the suppress1on of double poles The first observatlon

that these lines of zeros mlght be experlmentally significant was made

Recently, Odorico

- (1970, 1971 a,b) has looked at the systematics of dips in n - o

in flight, KN', =N, §p scattering and A production reactions and

has found evidence for lines of zeros .at fixed u and aléo'at fixed
(s-t).

Veneziano amplitude for

The original Lovelace'zeros arose from tbe form of the basic.
+ - + -

LR T O Y

r(1 - a(s)) r(1 - at))

,t) = _ .
rlest) r(a -.a(s) - a(t))

The. double poles at (s,t) values where both gamma functions in the

numberator are singular are avoided by lines of zeros at fixed u from
There seemed to

be evidence for such Zeros in the Eh ~ gnx  data from annihilétions
at rest discussed by Lovelace.

The more recent data of Bettini et al. (1971) for PN =
at 1.0 to 1.6 GeV/c, with its enlarged Dalitz plot, show even more
convincing evidence of a pattern of zeros; és can be seen in thé top
nalf of Fig. 2h. On the bottom left of Fig. 2k are the pattern of

zeros expected on the basis of the lines of zeros at fixe@. u,
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discussed above. Thevlack qf quantitative agreement with experiment
led Odorico to regxgmine the method of elimination of double poies.
He observed that, near a poie in s and a pole in t, the amplitu&e.

can be written

a S, b _ A .
' =TT 3 >
(s - my Yt - m; ).

2 t 2
8 - my - m,

1, o oy 1, . 2 2
fpla+ o) (s - m® - m)) +5a - D)t - s v m” - m )]

If a = b, the square bracket will generate a line of zeros at constant

u, while if & = -b, the line of zeros will be at fixed (s-t). The

former occurs in the original Veneziano model. The zeros at fixed

(s~t) oceurring in the latter case are shown at lower right in Fig. 2k,

Clearly this pattern agrees with the annihilation data much better than
the Veneziano pattern on the left. What type of modification of the
Veneziano amplitude gives zeros at fiked (s-t)? Odorico suppliés an

example,

sin[%(a(s) - a(t)ﬂ
s.in[g-.(a(s) + oc(t))] o

_ ?Zs;t) = F(s,t).

vhere F(s,t) is the standard form given above. The new amplitude has

- the proper resonsnce spectrum in the s and t channels and has the

appropriate Regge behavior at high’energies,_but it does have peculiar-
ities. It has alternating signs of the residues of the successive
towers of poles. This is not a desirable feature for an elastic ampli -

tude. It also has exotic resonances in the u-channel. Nevertheless,
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the suggestion of lines of zeros at fixed (s-t), rather than fixed u,

1s interesting enough to warrant overlooking deficiences in an explicit

*
. realization.

The inelastic process KN — nA -has, -as discussed in Sec. V,
one of the attriﬁutes of Odorico's amplitude, namely, alternating signs
fér the_;esidues of the s-channel resonances. Various low-energy data
from 0.4l to l.9vGeV/c are.displayed versus (s-t) at fixed u
values in Fig. 25. There seems to be definite evidence for dips in the
cross section for K_n‘—ay-A at A(s-t) ~ 3* and 5 (GeV/c)g. In
low-energy K p elastic scattering Odorito finds a dip at fixed
u ~ -0.5‘(GeV/c)2 in the A  invariant amplitude {At high energies A
is the s-channel épin-flip amplitude andvso-presumably does not contain
the pomeron. ).

Given duality, it may be a matter of taste whether one finds

" these various dip structures remarkable--they can always be attributed

to the pattern of resonances that dominate the low-energy behavior.
The importance of the example is the motivation provided by the
Veneziano amplitude, in spite of its stylized and unphysicalvform, to

eXaminevthg data in new ways to seek ﬁnsuspected regularities.

There is one very curious aspect of the ih annihilations in fliéht.
At 1.0 - 1.6 GeV/c, where several partial waves presumably enter

in the initial state, why is the pattern of zeros so striking, and
why are arguments based on a.siMple h-poinf Veheziano amplitude

relevant?
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VII. DUALITY Iﬁ’INCLﬁSIVE EXPERIMENTS
Inclusive experiments and the general phenoménology of multi-
pafticle procésseé at high energies are currently of great interest to
both theorists and experimenters. Elsgwhere in these Proceedings D.
Horn reports in detail on the subjéct. Conéeéuenfly, éfter an intro- .
Auction of some éeneral ideqé, I shall focus attention on some aspects
of inclusive processeé thaﬁvrelate_to duality and,EXD.'
' A. B#sic Ideas: The Feynman-Wilson Gas
The modes éf descriﬁtion of many-pérticle processes are many--
the multiperipheral_model;*tﬁe qﬂasi;geometricvpicture of Yang and
collaboratofs, the parton_picture_éf Feynman. All of these approaches.
share somé ideas in common, even though.the langueges are Quite
'differenf, and, up to arguments about logarithmic.dependences on -
energy, yield simiiar results for-many observables, A genéral framework
for discussing many-particle réactiohs‘is'the mnemonicxof a gas of
particles in a three-dimensional space with coordinates for each
~ particle consisting of two c;mponénts of tranéverse momentum iiL and
the "rapidity™ {. This pigtu;evhas been discussed in detail by Wilson
(1970), and liesvbehind_Feynman;s approach (Feynman; 1969).
Consider a parficle bf_mass: m,.iith momentum ﬁ’ and energy

Po.

in some coordinate frame X with a conveniently chosen z-axis (the
beam direction -in particle reactions). There is a coordinate frame K’

moving with velocity g pafallel to the z-axis in which the particle
hes zero longitudinal momentum (pé = 0). The rapidity ¢ of the

particle is defined in terms of ‘B by the relation,

g = tanh (. ' A

=40~

It is convenient to define a transverse energy w (the energy of the

particle in frame K'):
w_'(2'+m2)%_ ' 2,2, 2
= P‘L .17y P-L— % 'py.
Then the logitudinél momentum and the emergy in frame K can be
written as
z

p_- = w sinh ¢, P, = w cosh ¢

or alternatively, -
Py £ P, = wexp(f).
The rapidity ¢ is given by

I E P

If (§1jg) are used as variables instead of D the';orentz invariant
phase space for & single partiele becomes
3. o .
d-p 2 .
== = d at .
Py P % | .

Thus 53_ and { are natural variables to use as coordinates. 'que _

-that a Lorentz transformation parallel'tq the'z-aﬁis merely changes all

rapidftiésrby a common additive constant.
In multiparticle processes (a +b - many) at high energies

it is observed that transvérse momenta are restricted to small values,

the distributions being roughly exponential in gji with an r.m.s.

1
transverse momentum, (QL?)Z ~ 0.3 GeV/c. We can thus think of the
produced particles as being confined to a long narrow tube in (iL,C)

space, as shown for a reaction of very (!) high miltiplicity in Fig. 26.
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The walls of the tuﬁe are provided by the effective cutoff ip transverse
momentum énd the ends because of the restrictions of qonservation of
energy:and momentum.* ItAis posgible to discuss the dynamics in terms
of single-parficle distribution functions, twq-particle correlations,
and so on. For'simplicity and brevity we will 5ssume that only,one
type of particle is produced.::Thevsingle-particle distribution
'functién‘ 0(513 £, s) is the quantity measured in an inclusive experi-
ment. It depends in general on the incident energy variable s, and on
the quantum numbers of the incident particles a and H? as well as

on -(§1,§) of the.produced particle.

. The various predictions concgrhing p(ﬁlfg,s) apply in the
limit of s -, or in other words, of -(gb - ga) very lérge. It seems
plausible(that in-any sensible model thére will be é—finite correlation
length A élong the rapidity axis. Then the volume of the gas of
partiéles can be divided into three regiéﬁs, as indicated in the .

sketch below.

v , i .
' o
' — A ——->:¢——— Central Region ———p :<—— A ——->|
: c. . ] ’ C

, ! +

t, o _ &

Therrapidity offany particle 6f mass m cannot be very much larger

than or smaller than _, the limits being

%
(6 - &) pay = In(my/m), (b, - &)o. = £n(m /m). Since

(Qb - Ca) o zn(‘s/.mamb) at high energies, ultimately the ends of the
tube will be as effective as those in Fig. 26. For pions produced

in p-p collisions at 500 GeV  incident momentum,

(Cﬁ -6 = 6}92; while * (§ - §)po, = 1.90.

Lo

Several conclusions follow directly frém this picture:
(a) In the limit s - ®, particles in the central region do not

know or care about the location of the end walls at Ca. and §,. Thus
the single-particle distribution must be independent of s. Furthermore,
because of Lorentz invariance, once the dependence on s 1is absent, it
cannot depend on £. We thusvfind that

lin o(B,ts) = £(T)

S— 0

in the central region. This is called the-'pionization limit, although

there is some confusion about the exact meaning of this term and the

~extent of the region in rapidity to which it applied.

(b) - For particles near one end of the tube, say, with [¢ - ¢_|
finite as 8 — ®, there cannot be any dependence on Cb' This means

that the single-particle distridbution does not depend}oh .8, but only

on (¢ - ty):

lim o(Bystis) = &@,t - t,)-
S— .

“|¢-¢, | £inite

This result is the statement of limitiqg fragmentation (of particle a)

as first discussed by Yang and co-workers (Benecke, Chou, Yang, and
Yen, 1969) and is equivalent to Feynman's result of p(ﬁl,x).

{(¢) The average multiplicity is defined in terms of p(ﬁl,g,s) as
T
A n
n

because p is the distribution for finding a particle with (ﬁljg)

{n)

]

2
dpdaf D(gl)g’s)

and we have assuﬁed that they are all of the seme kind. Since
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ov—af(ﬁl) in the central region it is evident that for large enough s

the average multiplicity should behave as
(n) - A ¢n s,

indeﬁendent of the detaiis of the'correlations at the,ends of the tube.
This last inference, a well-known consequence of»the multiperipheral
model, can be tested with the recent data of anes et al. (1970). This
éuifé favorable comparison is made in Fig. 27, whéré their mean charge
multiplicity is éhownvplotted against total energy available in the
center of mass. Also shown are lower energy points from accelerators
up to %0 GeV/c.. The iqset‘shows the distribution of multiplicities
around the average at one energy, with a Poisson distribution fér
comparison. - Also indicated are the Q@ values for the 500 Gev/é NAL
machine, the CERN ISR, and a hypothetical 10h GeV machine. Very large
average multiplicites in laboratory experiments are not going £o be
available invthe foreseeable future!
B;‘ Regge and Duality Cﬁncepts in Inclusive Reactions

A relatively new aspect of the discussion of inclusive reactions
is the use of the ideas of Regge pole exchanges, familiar from the
L-particle amplitude. This development was triggered by a paper of
Muéller (1970) énd alread& has a burgeoning literature. Once Regge
éoncepts are iﬁtroduced, duality is not.far ﬁehind. The diagrams of
fig. 28 indicate the general line of argument. The cross section for

the inclusive process,
a +b — c + Anything,

is represented by the sum in the uppeg_left-hand corner. The sum over

X is a sum (integration) over all possible systems X .subject to the

;

k-

constraints of energy and momentum conservation with particle c¢ having -
definite (§13§).’ As indicated by the rest of the tép line in Fig. 28,
this cross section can be ﬁritten eventually as a certain discontinui%y'
(in M2, the mass of X) of the forward 6-particle amplitude* describing
. _ _ .

a+b+c - a+b+es
Muellérfs analysis shows_that, in fhe limit in which c¢ is a fragment
of "a in the sense already indicated on the rapidity scéle, it is
plausible that the 6-particle amplitude (and thus the inclusive gggﬁg
section) should have Regge behavior, as iﬁdicated by the lower left-
hand ‘diagram in Fig. 28. If the energy is so high that only the pomeron
contributesLsignificantly, fact&rization at tﬁe lowgr vertex‘can be

used to obtain the inclusive cross section,

1 dcc

R
JETI at gac(gkc - Ca)’
tot & BL®

which is just the limiting fragmentation result. Regge descriptions of
other kinematic regions are indicated at the bottom of Fig. 28, the

center showing the pionization or central region as a double-Regge

limit, and the right-hand diagram indicating the triple-Reggé 1limit

(a theoretically ekciting region, but unfortunately probably a very -
small corner of phase space).
The theoretical discussions of inclusive reactions tend to’

stress s — o in the deduction of the various limiting forms of the

There is some question about the legitimacy and/or the need for the
analytic continuation involved in crossing particle ¢, but these

subtleties need not concern us here.
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. theory and dualit& can contribute.

‘ treated as a unit.

. 3
a(0) ~ % (Abarbanel, 1971).

this form of dependence on

. pr ocesses for vhich the second term: should be absent.

- energies.
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single-particle distribution. There then arises the practical problem

of comparison of data at finite energies with the asymptotic theory, on

‘the one hand, and the question of how the theoretical distributions

vary with s as they approach the s = limit. This is where Regge
In the limiting fragmentation
domain (1ower left-hand_diagram in Fig. 28) the 6-particle amplitude
has the appearance of a h-partlcle amplitude, prov1ded a  and c are
It is then plau31b1e to say that the single- -

particle distribution p(gL,C,s) will behave in s as

p(§l,§,8) = gO(El’g C ) +s gl(EL’g g ):_.

where the first term is the asymptotic 11m1t1ng fragmentatlon dlstrlbu-
tlon, attributed to pomeron exchange and the second term 1s_the .
‘contribution of the secondary Regge poles (p,Aé,P',w) with effective
There is nothing so excepﬁional about -
s, but Chan, Hsue, Quigg, and Wang (1971)
go further and use duality-EXD arguments to make predlctions of
' Their argumeént
is essentlally the same as for the 4-particle amplitude, with (aE)_
being treated as one particle incident on b. If the quantum numbers

of the channel (abc) are exotic, then in analogy with the behavior

of. total cross sections like 'K+p (remember that the inclusive cross

" 'section is related to the discontinuity in M2 "of the forward 6-particle

amplitude) we expect no secondary contributions even at relatively low

Chan et al. thus predict that processes like
. i_ . . - ’
TP - K + anything

pp - Meson + anything -

i -1
w111 have a contrlbutlon varylng as s 2,

where
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should exhibit the asymptotic limiting fragmentation distribution at

existing energies. on the other hand, processes like

«4p o X + anything

x'p - n + anything

|

In addition to those processes
(ab_) are exotlc, the secondary contr1but1on will be absent in
reactions related to(the orlglnal ones by factor1zat1on.*
| The results of Chan et alr have been challenged by Ellis,

Finkelstein, Frampton, and Jacob (1971) who argue, in essence, that the
overall s-dependence of the inclnsive cross section must reflect the
properties of the entrance channel ‘kab), as well as the three-body
channel (abc). fhey conjecture that a criterion for the absence of"
econdarybcontributions might be that both (ab) "and (abc) be exotic.
ThlS criterion certainly cannot be necessary for there are two—partlcle
examples like ¢Nv scattering 1n‘wh1ch secondary tragectorles_are absent
without exotic quantum numbers, but it might be sufficient. |

It is possible that one or both of the above uses of duality are
oversimplified‘and that one cannot exclude the secondary contributions,.
or more generally some‘s-dependence, .

of the fragmentation distributions

at existing energies. (PL p <100 GeV/c). Basically, the'use-qf.

An example is ‘K+p > k' + anything in which the K ~is a fragment

ofvthe proton. The lack of secondary_Regge poles in the total cross
sections of K+o and pp permits ﬁhe use of factorization to show
that if pp —oK+ + anything has no secondary contribution [because
(K"pp) is exotic], then neither will Kp >kt +'anything,veven

though (K'Kp) is not’ exotic.
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duality arguments on {abc) appears to ignore the presence of correla-
tions between particles with neighboring rapidities. I believe that
i‘ze argument of Chan et al. on the Regge exchanges in Fig. 28 (lower
1eft) applies only if all other particles have rapidity diffefences_
(§i -'ga) much larger than (gc -’§a). This seems unreasonable if we
consider the gas ig Fig. 26, or some specific model such as the mui%f-

periphéral,model. For-example, éonsidef the inclusive process,
7"p —» K~ + anything,

in vhich the K is ; fragment of the n~ énd (abc) is exotic.
Some multiperipheral diagrams for this process are shown in Fig. 29.
The diagram on the left is the first one that one would draw aqd it
leads via duality arguments to the conclusion of Chaﬁ et al. about
absence of secondary contributions to p(ﬁl,c;s) because X has

exotic qﬁantum numbers. Another contribution is shown on the right of

Fig. 29. This has the K as the seéond particle in the multiperiph-

eral chain, still at small enough (¢, - ) to be a fragment of the
K . Néw, however, the system X' which, via duality, gives Régge
behavior is not exotic and so presumably_haé contributions from
secondary Regge poles in addition to the pomeron. There are a finite
number of diagrams such as the one on the right, having the K-_ a
finite number gf rungs dpwn the ladder, that contribute to the limiting
fragmentation distribution. Iﬁ thus seems probable that,

even if (ab;) is exotic, there will be secondary ;ontributions
because of what are basically two- and more-particle correlation
effects. Clearly just tﬁese two-particle correlation effects promise
interesting areas of investigation. It is conceivable that

duality might in some subtle way conspire to vitiate the argument Just
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given. That in itself would be very interesting! The question of

whether, the criterion of (abc) and (ab) exotic is of general
validity is a more difficult one. Venéziano (1971) has discussed the
problem within the frameyork developed by himself and Gordon (Gordon
and.Veneziano, 1971). It appears that his criterion for the absence
of secondary contributioﬁélis consistent wifh that of Ellis et al. -
(1971).,.fr9m the viewpoint of thevmultiperiéheral model it is difficult
to see how to exclude secondary contributions just because (ab) ‘is
exotic, as well as (abc). For instance, the process - ”

K+p > 5+ anything, with both (abc) and (ab) exotic, does not have
a multiperipheral diagram of the type shown on the left of Fig. 29. A
typical diagram of the type on the right has a K+ across the top,

an wo as the first vertical line, the n as the second particle in

the chain and p+p —X' as the nonexotic part which leads to the

presence of secondary contributions. Again, a duality miracie is
possible. |

This point, wﬁere it_is obvious that the last word has not
been said; is a good place to stob. Now, at the next anniversary in .

198%-.. .
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FIGURE CAPTIONS

K'p and Ko elastic scat-
terigg at 5’Gev/¢. Pieliminary data of Baglin qt’al.i(1971).
Differential'c;oss section for K+p and Kfp elastic scat-

tering in the backward direction (u = O) ‘as a function of Fig. 111
Data dre from a cbmpilation_of
Baglin et al. (1971). - | ,Fig. 12,
Poss1ble off -diagomal (1nelast1c) contributions to the forces

resonances 1n KN scatterlng.

leferentiaL cross section for pp elastic scattering at 5

GeV/c. Preliminary data of Baglin et al. (1971).

Backward peaking (at u ~0) -in Pp elastic scattering
intérpreted as successive baryon exchanges with annihilation .
channels as intermediate states. Fig. 13.

Schematic diagram showing the ingredients of the method of

partial weve analysis of three-meson systems of Ascoli et al,

Fig. 1k,
Number of events for different spin-parity combinations for

three pions as functions of 33 mass in the process

1P —>n+n_ﬁ-P at 5 and 7.5 GeV/c, with & momentum transfer ~ Fig. 15;

restriction, 0.05 < |t| < 0.65 (GeV/c)e, (from Ascoli et al.,

1970).- Fig. 16.

Momentum-transfer distributions for the three-pion events of

Fig. 7 vwhose mass is in the . A, region (1.2 - 1.4 GeV) and

with spin-partiy l+,f2+, and O  (from Ascoli et al., 1970).
Pictorial review of duality and exchange degeneracy (a

Rorschach test for particle physicists).

Fig. 10.

6.
Line-reversal comparison'sf the differeﬁtial crésé_sections
fbr the charge-exchange feactiéns K+n —9Kop (Firestone et
al., 1970).and Kp —9fpn (Astbury et al., 1966) at 12 GeV/c
Figure from Firestone et al. (1970). V
Differential cross section for »pp —;n—n+ at 5 GéV/c.
Prellmlnary data of Baglln et al. (1971) v

Line~ reversal comparlsons of pp - n+ at}i GeV/c in the

forward and backward dlregtlons with backward »'p and .« P

elastic scattering, respectively, at neighboring momernta:.

Top: ='p; bottom: ﬂ-p. Heavy solid p01nts are Tp = “xF

date. See text for discussion and meaning of my addeéd

dashgd lines. Original figure courtesy of Baglin et al.

(1971).

Line-reversal comparison of K+p_ backward elastic scattering

and pp »KX' ats GeV/c. Prelimimary data for both

reactions from Baglin et al. (1971).

Polarization in K+p elastic scattering‘at 1.6, 1.8, 2.1,

and 2.3 GeV/c over the whole angular range (from Barnett et

al., 1971).

‘Duality diagrams and Regge exchange diagram for K n -z A"

(and 7' > K'A).
+
baryon octet

SU(3) symmetric coupling constants for the %

coupled to pseudoscalar mesons as functions of the D/(D + F)
ratio;v The normalization is defined by fgz(p —§nop)/hn = 14.6.
The points represent various determinations (Chan and Meiere,
1968; Kim, 1967; Zovko, 1966) and the horizontal dashed lines

the corresponding fanges of D/(D +,F)' The arrow ifidicates



Fig. 17.
Fig. 18.
Fig. 19.

Fig. 20.

Fig. 21.

-as functions of +%.
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a theoretically preferred value of D/(D + F) = 0.63 the
dashed vertical line is the optimal value of Field and
Jackson (1971)..7
Comparison of the differential cross section for Kn->x A
at 4.5 GeV/c (Yen et al., 1969) with the results.of a finite-

energy sum rule calculation for (a) different choices of

D/(D + F) ratio for the N and = couplings (top), and

(b) different choices of the 5£(1385) coupling {bottom)

(Field and Jackson, 1971).

Comparison of observed and calculated polarization in

Kn —»x A with data at 3.0 GeV/c (crosses, Barloutaud et al.,
1969) and R;S GeV/c (solid squares, Yen et al., 1969). .
Residue functionsAfor the even and odd-signatured effective
Regge poles in K n —an'A‘ and x'n = K'A from FESR.

Exchange degeneracy requires the curves to coincide.

Test of the predictions of duality diagrams. Phases of the

high-energy t-channel nonflip (A') and spin-flip (B)
amplitudes for K™n - x A, and those (A',B) for ='n —K'A
Duality diagrams predict a t-independent

phase near zerc for A' and B, and a t-dependence phase

near. the dashed line for A' and B.

Exchange degeneracy of masses and residues of the s-channel

S resonances in K n — g A. At top the solid points and

squares indicate important I states on two EXD trajectories'

(instead of 4). The open circles are relatively unimportant
nonperipheral states. At bottom ié the anti-EXD pattern of

residues alternating in sign.

Fig. 22.
Fig. 23.

~ Fig. 2h.
Fig. 25. -
Fig. 26.
Fig. 27.

Fig. 28.-
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Schematic comparisons of the pcle. and pole-plus-cut s-channel
spin-flip amplitudes of the Argonne and Michigan models for
odd-signatured (p) and even-signatured (A2) Regge poles
(from Phillips and Ringlénd, 1971).

Comparison of the predictions for nip polarization at 6

GeV/c of the Argonne model (solid curve) and an augmented e
Michigan modei (dashed curve) with the data (from Phillips &and
Ringland, 1971).

Patterns of "zeros" observed in pn ~9£+ﬂfﬂ- at 1.2 GeV/c
(Bettini et al., 1971) and zero structure at fixed u of

the standard Veneziaﬁo amplitude (lowér left) and that at
fized (s-t) of & mpdified Veneziano amplitude (composite
figure from Odorico, 1970).

Dip structure in the low-energy data on K n —x A at fixed
(s-t) ~ 37 and 5° (GeV/c)e'(Odorico, 1971b).

Schematic diagram of the distribution of particles from a
multiparticle reaction in rapidity-transverse momentum space.
Because of a natural cutoff iﬁ Py and kinematic constraints
in rapidity, the "gas" bf‘particles is confined to a tube of
radius <Pif>% ~ 0.3 GeV/c eand length (&, - ¢.) ~ #n(s/mm ).
Average charged particle multiplicity in pp collisions as

a function of the Q value iq the c.m. system. The straight
line is (nc) :'2.0 + 1.0 fn Q ~ 2.0 + 0.7 4n s. The inset
shows the fluctuations around the mean number at one primary
energy. (Data from Jones et al., 1970).

Schematic diagrams for Reggé analysis of inclusive processes.
292_&325:. Conversion of the inclusive cross.section_ for

a +b —c + anything,via unitarity and analytic continuation,
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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 Atomic Energy Commission, 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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