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1. INTRODUCTION
1. Préamblé
An invitaﬁion to present a review at a conference affords the
reviewér_the opportunity to survey afresh the subjeéf matter,.tb éollecf
hisvowﬁ thoughﬁs.about it,,énd hopefully to prééentva concise and clear

pictufe, emphasizing the good and fruitful and omitting the spurious

and bad. I have this opportunity. Whether the réalizatioh matches the

potentiél, the reader must judge for himself. Six or more months ago;‘;
when I acceptedvthe invitation to feyieW'high-energy phenomenology, I

gave the task only passing thought, As the time grew close, the

_enormity»of‘the entefprise slowly dawned on me. Then the preliminary

program arrived to show that I was 'clean-up man' on the team of reviewers

with an assignment vague enough and all—éncompaésihg enough to exclude,

by general agreement, only Professor.steinberger's review of weak

N

‘interactions. I therefore apologize for the overlap between my text

and those of Professors Lohrmann and Lipkin (in my oral preséntation, I_

shall mercifully keep the duplication to a minimum). Of course, the

lack of clear boundaries between electromagnetic interactions of hadrons

and purely hadronic processes on the one hand, and between the low

energy domain of resonances and the high energy domain of peripheral

processes on the other, is one of the more exciting aspects of our field

today. Indeed, lack of clear boundaries is misleading in its under- ..

- statement. Intimate connection and interplay is closer to the truth.

Or this you have already heard today, and I will say more.



Befofe beginning my reviéW’propér-I Want'to'lét you see what
.we,'as giperimentéré and theoriéts, ére doing to eérh‘our keep. |
Tablés I aﬁd IT shOW‘fhe thrust of our actiyities, as evidencéd by
pﬁblicatign)in two letter Jjournals, PhYsical Re&ieW‘Letfefs‘and Phjsics
Letters. The time period covered is roughly 1968 and the first half
of 1969 (actualiy three volumes of each jourhai). 1The téﬁ categories
inAexpériﬁent and éleven'iﬁ theory are somewhat arbitrary. I leave detailed
study and interpréfatiqn to the reader. Only three comments: (i) There
is some evidéhce from atpeaking‘in the second half of 1968 that thosé
: who bublish“ih Physiéai Review Létters afé s¢méwha£ meéting;cdﬁscibus
(the Vienna méeting in this iﬁStance), while those who'publiSh in Phyéics
Let%ers'aré steadier in their output. (ii) Theorists who pubiish in -
Physicél ReVieﬁ Lettersjhave hoéd the fow of current algebras and the
‘like much harder thén fhéir Physics Letter éounterparﬁs; (iii) Current
' 5nd field algebras seenm oh the decline, while.Veneziano models are
fiéing with‘mefeofic speed. |

The ovefall.picturé is diéplayed in Fig; 1 Wﬁere the aréas of
the circles for expeniment.énd theory are in proportion to the numbers
of papers (304 and 360) in.'each field. In experiment the finding and.
.studying_of resonancés accounts for 28% of all the‘publications. When
production mechanisms is added in, the total resonance or iesonance-
relatéd effort amounts to 40%. The great bulk of this research is
done with bubblé chambers. Counter éxperimenis on elastic of quasi- f
elastic scattering-acc?unt for roughly 16%, while photon and electron-
initiated processes provide Qh%, and experiments on weak interactions
contribute 20% of the.publications. How does this compare ﬁo the moﬁeg

spent? I do not know.



The theorists' activities appear to be slightly more uniformly.distri—

buted (is this just a reflection of a better choice of categories?), with no

one subdivision over 13% of the total. It is noteworthy, however, that

various. aspects of S-matrix theory, with its ideas of analyticity

'croséing, and unitarity, account for 35% of the theoretical'publications.

Does the volume of publication indicate progress in our understanding?

I am too-close to it to Judge.

2. Ffamewofk
Let us assume that high ehergy phénomenblogy has to do hainly
with collisions of hadrohé at incident momenta abdve,zéay 2 GeV/e.
Then the frdmewbrk.of gross em?iriéal facts and maiﬁ theorétiéél concepts
consists of the.following:
.(i) Thefe exist Sﬁ(B) singléts and octets of mesons and

singlets, octets and decimets of baryons of a variety of different

.spins and parities.

(ii) The guantum numbers of.the observed meson and baryoh
multiplets can be generated by'thevmnembﬁic of the. quark model, with
(Eq) for the mesons and (qqq) for the baryons. LThis particulér
empirical fact will need_modifiéation'as soon as any ”exotic"_resonanqe
is firmly established. ] |

(iii) Two-body and quasi-twb-body processes are periphérél,i. 

showing peaking at forward directions (small t)’and/or backward

directions (émall u).
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(iv) Integrated eross sections, or differential cross sections
at fixed moméntum trahsfér, sh§Q appfaximate power law behavior in the
energy. In pafticﬁlar, total cross sectioﬁs seem to become constant
asympﬁofidally and: obey Poméranchuk’s fheorem."

| (f) : Virtually all occurreﬁCes of”nbnoécurréhces of periph-
e%ality iﬁ.avgiVéh process‘(iii) Ean be undéfstaod ih terms -of the
e#changes of the internal guantum numbefs of the knoWn  SU(B)"multiplets
vof mesons and baryons (i)."

(vi) A modest'amduntvof analyticity in the kinematic invar-
iants, plus crossing.symmétry,'felates the_phése_bf an amplitude at
high energies to its power—law Beha&ior;x(iV). This conneétiph‘is more
general than, buf‘the same as, thét given by Regge pol? theory.

(vii) The known mesonic and baryonic states,'<i),'can plausibly
be'placed:on Reége'trajeétoriés and the trajectorieszére approximately
linear in fhe sQua?e of tﬁe masses. This gives gfeat-impetus to' the
use of Regge exchangeS'to. unify items (iv),_(v), and (vi) into aﬂ
aesthetigally pleasing whole.

In thé subsequent sections we explore some of -the recent develop-
ments in yarious-moaels aﬁd_ideas in order.to show the divéfsity of the
attempts to copé ﬁith ever increasing amounts of dataiwﬁose guality also
improves, as well as to expose some of the limitations, difficulties,
and unanswered questions. The exiétence of prqceedings from the Berkeley,

Heidelberg, and Vienna Conferenceé, along with some recent books (for



2

ol

-5-

: ) ., ] ) . Co * .
example, Collins and Squires, 1968; Kokkedee, 1969), allows me to omit

~specific references to much of the earlier work, and to assume on your

?art a knowledge of the state of the art circa 1967. |

Van Hove's.report at Berkeley (Van Hove, 196€b), with an Appendix
by Wethereil, sufveys both theory and éxperiment. Subséquent develop-
ments onh the experimental side are re&iewed at Heldelberg by Di Lella

(1967), at the CERN Topical Conference by Colley (1968), Derrick (1968),

~and van Rossum (1968), among others, and by Bellettini (1968) at Vienna.

The theoretical side of high energy collisions is surveyed by Bertocchi

(1967) at Heidelberg, by Barger (1968), BiaXas (1968), and Salin (1968)

“at the CERN Topical Conference, and by Chan'(l968) at Vienna.

References afe cited in "standard" Britisklfashion;'with paﬁers andk
 books listed at the end in a bibliography arraﬁged alphabetically,by :
first author. One abnormality occurs: Proceedings of.Conferenceé
are citedvfﬁlly in a special list af the beginning of the biBliogféphy.
This pérmits anvébbréviafed entry by aﬁthbr,'as,.for'examplé, | E.

Bellettini, G. (1968). Vienna, p. 329.



II. SAMPLING OF RECENT DATA

~ Although almost all of the data published sincevﬁﬁe Vienna
Conferehce were presented there and extensively réported by Bellettini
(1968) and‘bthers, it is worthwhile, I think, to remind ouréelvesvof
the quality and fange of data presently available, jA_ccordingly there
follows & Sampling of data,with only brief chments.i Some of thése
data and étherékéré elaboratgd on in the subSequeﬁﬁvseqtions'dealing
- with the variéus models. The data are only repreSentafive; the&_are

not necessarily the_best and -certainly not the worse available. -

i. 17p Elastiq'SCattering
'The data of the éornell—BNL collabératibn (Orear et'al., 1968)
“on «7p élastic scattering at 9.7 and 13.6 GeV/c afe shown in Fig. 2,
togethér‘with earlier resglts of e#periﬁents at Brookhavéﬁ. 'Thé note-
‘worthy features ére (1) the well-known diffraction peak fof [fl < O.6u
(GeV/c)e,.(ii).a_Secondary‘cqnvex shoulder leading‘to a pronouncéd local’

At
, A~ 0.5)

minimum at t ~ =3 (GeV/c)g, (iii) a rélatively flat. (e
region frbm .t = -4 to -10, where there may be unresolved structure;
and the.cross section 1s of the order of 1070 - lO_7 times its value
at t -0, and (iv) a steep, but small, backward peak (P, B ~ k).
CompariSon with data at léwer energies shows that the convexishoulder
is the remnant of a brqad secondary maximumjthat followed a dip ét

t ~ -0.6. There is thus a pronounced energy depéndence_in the shape

of the cross section, at least in the energy range up to 10 GeV/c.
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Above that, one may be séeing'the beginnings of‘a stabilization of
dc/dt towards an energy-independent shape, as eXpected from some

modéls (see Section IV, 2 below).

»,,2. Nucleonjnucleoﬁ elastic scattering

Even more Speétécﬁlar are the proton-proton ééattering data
taken at CERN by Allaby et'al.(l968a) and'éhown; along with results at
lower energies, iﬁ Fig. 3. These.reéults héve feceivedlwidé—
spread atteﬁtién. Méntién need be madevonly of the apparentvtendency
at fixed t for fhé Cross séction to approach an asympﬁotic.energy—
independent value, with the cross séctions’approachiﬁgvthevlimit more
slowly the lafger the ‘tl value. vThé break at. |t|.~ 1 (GeV/c)2 is
the outstanding feature of the dafg'at the highest.energy.

Corresponhding data for antiproton—profon elastic scattering are
shdﬁn in Fig. ﬁ (from Orear et al., 1968).,_Ther¢ aré three obsérvations
here. (i) The diffraction peak at very small vlt' is larger and
narrower than for proton-proton scattering. (ii) Theré is struc£ure,’
perhaps a dip and definitely a shoulder, at t ~ -0.6 (GeV/c)g. This
is considerably closer_in than the structure seen in the p-p dafa.
(iii) Thgre seems to be a sudden increase in slope again beyond

t o~ 23 (GeV/c)g.

3. Inelastic Proton-proton Collisions
A number of experiments have been done on inelastic proton=-
proton interactions using a missing-mass spectrometer (Ankenbrandt et :

al., 1968, Allaby et al., 1968b). Figure 5 shows the results of



Allaby et al. (1968 b) on the differential cross sec¢tion for pp —apN*‘Jr
af 19.2 GeV/c, where the N*”s are defined by the indicated.areas the
1520 MeV and 1688 MeV regions. Beyond [t]| =1 (GeV/c)2 the slopes of
all the inelastic cross sections are similar to the elastic slope, while
for |t| < 1, the inelastic cross sections seem flatter than the steep
diffractive elastic peak. At lower energies the inelastic -cross
sections for N*¥(1520) and N (1688) production tend to be flafter at
all momentum transfers than the elastic, the effect being greatest at
the lowest energy (Ankenbrandt et al. 1968). It should be recalled in
contrast that the mass region around 1400 MeV has long been knbwn to be
produced very peripherally. It may be that the. small |t| behavior
can be.understood in terms of the details of the inelastic transition
(spin and parity of the resonance, quark model wave function, etc.),
and that the large Itl behavior at high energies stems from some

common cause for all processes (see Section IV, 2 below).

4. Polarization in x-N and XK-N Scattering

Polarized targets continue to be used to provide additional
information on the amplitudes that enter into high energy élastic
scattering., Limitations on intensity have generally restricted the
high energy polarization data to the region |t| <1 (GeV/c)E, but some
accurate data at larger momentum transfers are now available. One
such set of measurements made at Argonne (Esterling et al., 1968) on
'nip scattering at 5.15 GeV/c is shown in Fig. 6. The range of momentum

transfers is 0.2 < |t]| < 2.0 (GeV/c)g. The interesting features are
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(i) the approximéte reflection symmetry, P(ﬁ+p)v: -P(n‘p);’(ii) the
ouadratic extremum near zero at t ~ -O:6I(GéV/c)2, and (iii) the
felatiVelyllarge'pélarization for [t|.> 1 (GeV/é)g. Other data at
higher energies SHOW'that thefe is little change in the‘pélarizdtion for
|t] < 0.6 (Gev/c)® up to mfG'e.v/c (,sée Fig. 37 of.Beileﬁtini‘,' 1968),
but thét for”lérger Iﬁl values the p&lafiéation probably decfeases in
mégnitﬁdé with energy. fhe rough rélatioﬁ,  P(xtp) ~ —P(ﬁ’p), indicates
that the polafization is caused mainly by inteffefenée between VC = +1
and C = -1 exchangevamplitudes with different phases.‘ Since the
obvious Regge-exéhahges:are P,.P', and o, the near-vanishing of fhe

O and

polarization at t>:‘—0.6 (GeV/c)2 ‘cofrélatés_nicely with 'ap
the known dominance of the ﬁ;channel-spin-flip amplitude Bp in the
process, x P —>ﬁon; The double zero at t ~ -0.6 (GeV/c)2 and the
possible behavior of the»polarization atvlarger Itlvvvalués, even

Beyond |t] =2 (GeV/c)g, ére discussed in Section III,.Q(b),'below.

*p elastic scattering at 1.22 -

_ Polarization measurements on K
and 2.48 GeV/c by Andersson et al. (1969) throw“liéht on the possible
existence of S :v%l baryénic states at ~1900 MeV and also on aspects
of exchange degeneracy and duality. These data ére shown in Fig. 7.

The positive'pqlarizafion af 1.22 GeV/C'agreeS»well with a calculation
by Lea, Martin, and Oades (1968) without any resonant states (dashed
curve) and disagrees with the predicfion involving an I = 1, JP = %+'

resonance at 2020 MeV (solid curve). The higher energy results show

a relatively featureless positive polarization that remains remarkably
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_lafge at forward angles. The two curves are from a calculation involving

a purely imaginary aiffractive amplitude (P exchange) and exchange- v
degenerate spin~flip contributions from p and A2 exchange . (Blackmon

and Goldstein, 1969). The solid (dashed) curve has negative (positive)

relative sign between the p and A2 amplitudes. The data indicate

somewhat better agreement with the negative relative sign, consistent

with the duality picture which couples the absence of s-channel reson-

ances in the K+p channel and the flatness in energy of the total

cross section to the cancellation of the imaginary parts of the

contributions frdm exchange-degenerate partners. (See Section V,3

below for more on duality and exchange degeneracy.)

5. Resonance Production
Since bump hunting and related activities occupy a large

fraction of the effort in experimental high energy physics (see Fig. 1),
selection of a representative experiment is difficult and arbitrary.

I have chosen the work of Crennell et al. (1968) on the properties of
the g (1650) meson. Their results on the two-pion mass distributions
in 7P »x"n'n, 77p - 1%, and xtp - xTxtn at. b GeV/c are shown

in Fig. 8. The upper histqgrams show the mass distributions, while the

lower panels show the mass dependence of the coefficients A L = 2,46,

L)
of the Legendre polynomial expansion of the x-n "scattering” angular
distribution in the two-pion rest frame. Note first one of the charac-
teristics of bubble chamber experiments nowadays, large numbers of

events (over 5,000 in x~x'n, 3000 in x~#%p, 1200 in the "blank" run

of atxn).



~Again the behaviorsof the A
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The Q = 2 gy syStem is featureless with-é smooth mass plot

and A2 coefficient. The Q = 0O configurations show strong po and

£°  signals, as well as a small but clear bump at 1.6 GeV (the g lmeson).

AThe‘:Q =0 Légendre polynomial coeffiéients-behavé'in just the manner

éxpected for the known spins (1~ and 2+) of the o° and £°. In

Aé there is evidence for resonant behavior at 1.6 Gev, but nothing is

.seen in Ah or lA6 for @ = 0. 1In view of the background under the‘

" small peak at 1.6 GeV, the absénée of signals in A, and A6 " is not

surprising.

The Q‘zv—i configurations‘reveal a strong o7 and a reasonable
g~ peak.. [In paésihg we note_thdt theré is no sign of a peak in’the.
fo .maés region. This means that there is no I =1 ﬂ‘ﬁv state  (p')
degeﬁerate with the -f°, atrleast not ﬁith‘appreciable eldstic width.]
L vbelOW‘lvGeV are consistent with a o
spin Qf 17. 1In the region of the‘ g, all three éoéfficiehts seem to
éhow.resonant structure, althbugh Aé cannot be taken too seriously.
The quantitative beha&ior is.in agreehent with JP>= §_  (Qr greatér?

e.g. 5, 77) for the g-meson.

6. Tests of Quark Model Predictions on Decay Correlations_'

One of the most peculiar phenomena in high energy physics is the

~continuing  success of the "realistic" quark model. The use of quarks
‘as a mnemonic has widespread acceptance, but the idea of dynamic or even

- kinematic considerations with "real" quarks leaves some segments of our

community cold. -Nonetheless, intrepid theorists puéh the model further
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andlfurther, Qne' area_bf prediction is that of joint deCay_correlatioﬁé
in AOuble resonance production‘(BiaZas and Zalewski;,l968). These
predictions héve been testéd in several éxperihents (Alderhol% ef al.,
l968_b;.Bockmann et:al.;'l968; De Béeré et dl., 1969; Friédmann_and
':Roés, 1969). TFigure 9 shows a poftioh.of fhe’reéﬁits bf.Friedmaﬁn and
Rossv(l969) on K;p N .ét 2.6vGéV/cJ(53OO eveﬁts). The predictions
of the quaik ﬁodel are_divided info classes (4, ﬁ; C) depending on how
many assumptions are made about the'individualWQuark-quark’scattering'
amplitudes. The compariséns shown in Fig;'9 are fbr-%he fivé class A
predicﬁions'concerning ﬁhé'correiatibhs in'the avefage values of &arious
combinations of pdﬁéfs'Of the direction‘cosines.of the decay directions
of the ﬁwo resonances.‘,The agreement,betweenvmodel and'experiment is
very impreséiVe for these predictions which dependionly on. the assumptiOn
éf additivity:of the quark-quafkramplitﬁdes. Class Bbpredictions usually
work out well, buf the success_of the more detaiied Cléés C results is )
spotty.

The enemies of the gquark model may eventually be able to find

alternative explanations for these correlations, but in the meantime one

must ponder the meaning of such detailed successes.

7. Backward K+p and K p Scaﬁtering
Qﬂe of the empirical facts citea in Section I,2, is ﬁhat
forward br backward peaks océur if, and only if, the qﬁantum numbers : 5
allow thé.exchange Qf'a member éfvan SU(B) singlet, octet or decimet.
Kfp and K-p baékward_scatterings afford illustrations of this féct

and recent data make it quantitative. For K+p the u-channel exchange
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require B =1, Y =Q =0, I =0,1. Thus A, Zo, Yl_O exchanges are

posSible; there should be a mOdeSt émount of backward scattering. Fof
K™ ﬁﬁe(correspénding quantum numbers are thse'of the K+§ channel,
B=1, Y =,Q:; 2, I =1. A étate with sﬁch cuantum numbers lies out-~
éide the knoWn SU(B) multiplets. No good evidence for such stafes
exist (éee Sectibnv<h) aboVe, and.Tripp, 1968, section 3). Hence the
'K‘p backward scéttefing should be negligibie’at high energies, as should
backward peaks in X7p éaﬁon, K'p —%K*p, étc.

| | Lundby and co-workers at Broékhayén (Carroll et al., 1968) and
CERN (Baker et al., 1968; Baker et al., 1969; Banaigs et al., 1969) have
.stﬁdied Kip backward scattering at a number of incident momenta from
~vl.h GeV/c to 6.9 GeV/c. Some of fheir results are shown in Fig. 10,
The solid points afe tﬁé'crOSS éecﬁions. (dc/du)u:O for Kfpz while the
open circles (none aBove 2.5 GeV/c) are for K p. The straight lines

indicate power-law behavior, as s @ for K*p and s_lo for X p.

.The dashed curves give the behavior of the backward cross sections for
x¥p. Two comments here: (a) The s”u ‘dependence for K+p, corres-
ponding to an effective a(0) ~ -1, seems very reasonablé for the
~exchange of a strange varyon (A, ZO{ Yl*o). (b)‘The.very rapid fall;off

- for K_p, if it'can be shown to hold at higher ehergies, implying as

it does «

eff < -4, has direct bearingNOn the importance of Regge cuts.

This point was made by Chew at the Vienna Conference (p. 36k4) and is

discussed in Section IV,3 below.
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- report (Bertocchi,'l967). A year later, at Vienna, various ramifica-
tions of these questions were being'pursuéd'(see Chan, l968),_but at the
same time certain.difficultiés with pure‘pole models were-eme;ging,r ‘ 4
The;e troubles all follow_from'fhe hypothesié of'factoriéation'of Regge
' pole residues; a concept firmly roofed in the idea of a{?ole'and in
pnitarity. If the résidue of a Regge’pole qf.definite q?antum numbers,
including parity,'in the'amplitude for a‘traﬁsifion.ffom state a to
sfate” b (tﬁé‘label a specifies the particies andvtheir helicities
in state - a) is Bga?:then factorization'éf fesidués requirés the
iesidues_of the pole,fof' a—-b, a-a, 'b‘49b  b¢‘ielated”according -
o o : v

Bbae_ = Ppy Paa -

A Welléknown difficulty océurs with the residues of the
_w-trajectoryi -The COnQentional;aﬁaiysis of high'energy Pp and Eb
elastic‘scatteriﬁg involves tﬁe Regge pole combiﬁatiohs, (P +P' % uw)),
_-whefe ﬁhe trajectdfy symbol stands_fqr the correspbnding.amplitude,_
Since the'differential crosévsection for 5@ is larger at t = 0, and
falls more rapidly away from t.= 0, than the Pp cross section, thefe
is a "cross-over" point which is attributed to the vanishing of the
residues B(w) of the w-trajectory there. Factoriiation then implieé A
that the re;idues Bba(w)(t) =0 at t ~ -0.15 (GeV/c)g' for all | '. -
processes. Inelastic reactions like nN - pN (with.an. w-contribution.
that is difficult to extract) and K'p —»K 'p (with what is believed to

be a lérge w-contribution) show no sign of a dip that could be
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(w)

associated with this zero in B . Secondary trajectories (w') can

be invdked td avoid contradiction with factorization, but more likely .

are Regge cuts.in the J-plane.

Another famous'examplé that -bears on conspiracies is discussed
by LeBellac (1967). The use of a parity-doublet conspiracy for the

pion (M =1 pion) in interpreting.the'forwérd peaking in pn - np

' and -Yp'~>ﬂ+n . leads, via factorization, to the prediction of a zero

at t = 0 in the pion's contribution to the amplitude for production -

‘of po with zero helicity in the process, n+p —apoéf+. Data at

- 8 GeV/c (Alderholz et al., 1968a) show that (a) the great bulk of the

t

o%'s  are produced with zero helicity near t = 0, and (b) the cross

section shows a_very strong forward peaking, rather than a dip. Again,
the failure of factorization éan be avoided by the ﬁse of additiénal
unnatural parity trajectories, e.g., Al’ to giVé a forward peéking,v
(Arﬁab-and Brower, 1968) but this leads to furthef complications with

factorization in other processes (unpublished analysis by G. C. Fox),x

‘ The excellent fits obtained with the absorption model to the shape of :
" the cross section at [t| < 0.2 (GeV/c)2 and to the density matrix
~elements for this reaction argue for Regge cuts, as well as poles, as

the_most;plausible explanation (see Section IV,4).

If still moré docgmentation on the limitations of pure pole i
models is needed, I cite the somewhat more theoreticalbquestibn of an-
M =1 pion and PCAC.. The M =1 'aSSignment,for the pion, deduced
from experiment assuming a minimum of poles,'was used bylMandelS£am‘

(190fa) toderive Adler's self-consistency condition, PCAC, and soft-
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pion résults.r This successful intrusion of S-matrix theory into the
domain of current algebras was, however, short-lived. Mandelstam him-
self (unpublished) and Sawyer (1968) showed that factorization required

a deéoupiing of the M =1 pion, not only for soft-pion processes, but

for all processes. (see also Arbab and Jackson, 1968). At present there

is no evidence which requires an' M = 1 adssignment for the pion (see

Sectioﬁ v,2).

2. ﬁecent Developments in Models with Pole Only
.In spite of the limitations and difficulties aiscﬁssed abo#e,‘

phenoménélbgists (theré must.be.a befter name for theoriéts interested
in experiment!) cohtinhe>£o correlate data with‘models involving the
éxchénge of a smaell number of Regge‘tréjectories; Therelére'several
_reasons fof fﬁis: | | | |

(i)  The gross features and eVeh some détailé do seem tovbe |
de$cribed by trajectorieé (P'% W, P, AE’ n; N, A) identified with'mbre
or less well-known sequences of particies, plus the Pomeraﬁchuk trajec-
tory (P).

(ii)  Secondary trajectories (p', w', x') can be used to
. produce effects akin to mofe'complicated_J-plane behavior}
(-iii) Pole models with exchanges of SU(3) multipletsbcan be
~used to. test SU(3) and higher symmetries. Of course, failures of
suéh tests afe difficult to‘intérpret if other J-plane singularities
are impbrtant, simiiarly for suéceéses. A good example of a relatively

straightforward, but systematic and thqrough,*analysis of a large sample
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of high energy data istthat of Dass, Michael; and Phillips (1969).
They concentrate on K#p"scattering, but use high-energy data'from
all sources and FESR to constrain the possibilities;w |

We now‘discussubriefly some specific recent applications of

Regge pole models.

(a) Dips, front and back
‘The classic dips seen in rn7p Ln and x'p - xOATF  at

t o~ 40.6'(GeV/c)2 need no discussion. The standard explanation

involves the vanishing of a t-éhannél spin-flip amplitude at the point’

‘where ap(t) = 0. An even more dramatic dip occurs in the backward

scattering; ﬂ+p —>pn+, as can be seen in Fig. 11 where the data bf

Baker et al., (1968) on x'p —»pr" at 5.2 and 6.9 GeV/c and

ﬂ_p.f9pﬂb‘ at 6.9 GeV/c are displayed. -The curves are the result of

a Regge pole £it using the A-trajectory for x"p and the A

~ (determined by isospiﬂ rotation from the x~p fit) and the

N-trajectory for x™p. The dip at u ~ ~0.15 (GeV/c)2 is explained
as a result of the vanishihg of (QN + %) at that point.  Other Regge
pole fits to these and other data have been made by Barger and Cline”i

(1968) and Paschos (1968). One aspect worthy of comment is the empirical

evidence from the spectrum of baryonic states that the trajectories

Called a wrong-signature, nonsense point - see Chan (1968), Sectiot
2, for explanation of theSerterms and a summary of the behavior of -

Regge residues at such values of Q.
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sée@‘to be approximately even in W = (u)%, evén though a priori there is
-nd reason to éxpéct states of opposite paritj.(rémember MacDowell
symmetry) to be degenerate. Most of the evidenéé for a = a(u), rafher ' &
than « ;“a[(ujé],vcomeé from'fitting Sééuéﬁceé dﬁ states wifh W > o,

but. there is tﬁe approximate.&égeneraéy of thev_I = %, Y = B = 1 ‘states

of spin—pariﬁy. %+‘-and gf ét ~l685'MeV; Extension of the approximately

linear 'A-trajedtory towards negative .u leadé to.the expectation of a

dip (indeed, a éero) iﬁ1hé cross section fof‘ P —wpn""at. |

U~ -1.9'(GeV/c)2, where o, +,% = O.*-_Aithbugh'tﬁé aéta of:Fig; 10 do

' not extend far enough to cover this region of u, other aata (see Fig. 1k
:obeelleﬁfini,.l968), show'no evidence of significaht structuré ali the:

'Qaj out to [uf:z 2.& (GeV/c)2;' Tﬁis discrepancy .can, éf‘coﬁrse, be .

remediéd byﬁmbdifying the A_ trajectory at negativé u valﬁés, either::

by héving‘if asymptotically level off to_Somg négative constanf iarger '

than .—% (Barger and Cline3v1968), by assuming the form |

1

SO0, =a b(u)2 + cu2 so that for negative u,. Im OZ;# O even in

PN

Re(a, +

A ) = 0 (Paschos, 1968), or by other,. easily conceived modifications.

. Another example of structure in the backward direétionvahd its
interpretation in terms of Regge exchanges is the process, - a7p —>KOA.

0, @=1, I=1y
+ .
S ,

The u-channel quantum numbers are B = 1, ¥

1)l

)

See footnote on p.19. : _ - B

corresponding to I-like frajectories, Zd %», 5

*
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- - = - s +' :
T 1 o3 T .
(2 5 ..:) ’Zéi'g"%, °';),’ and 26 5050 ---:) . Preliminary data of

_Michellnl et-al.' (1969) on the backward differential cross section and

polarization of the outgoing A, are shown*invFig. 12, together with

the theorefiealvcufves ef Barger,.Cline and Matos (1969). The cross

section data, and more dramatlcally, the polarlzatlon, show ev1dence of

structure at u ~ -0. 7 (GeV/c . The Regge pole mode;,-us1ng exchange-~
[0

degenerate z and ZY tragectories, gives more than adequete descrip-

tion of the cross section and the large and momentum—transfer—dependentf

. polarization. The change ih sign of the polarizatioh at u ~ -0.7 GeV/c)2

1s as5001ated in the model w1th a wrong- s1gnature, nonsense zero at

z 2
though the tragectorles are.

. = 2 . Note that the re31dues are obv1ously not exchange degenerate, even

(b) Cyclic residues to give structure atblarge [t]

The true believer in Regge poles leaves no application untried;j
no challenge unaccepted. If there is structure in a cross section at
t i,—B (GeV/c)g, as in the x p cross section shown in Fig. 2, he will

fit it. WNever mind that the model is normally applied to small (t] el

, 5 . B
~ values, say |t| <1 (GeV/c)®. As Magellan rounded the Horn and opened

uncharted seas, so Barger and Phillips (1969), two of the most dedicated
) * :

apostles of the gospel according to Saint Tullio, have thrust into the.

large |t| region. The vehicle for generating dips at lafge [t] - is}a.

cyclic residue. There is, on the one hand, evidence fori:zeros in-

I am unable to locate this saint's name on- the recefitly revised list

froin the Vatican.
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ampliﬁﬁdes at wrong-signature points (e.g., = p - rx'n, ap(—0.6) = 0,
<D —apn+, aN(-O.l5) = -%). With'a relatively flat Pomeranchuk pole,

the structure in the average of the n+p and n-p differential cross
sections at t ~ -0.5 and -2.8 (GeV/c)2 'cah'be’explained by an
oécillating'résidue for the P' trajectory, with zerosrat dP{ = 0, —2 
(Booth, 1968; Beretvas and Booth, 1969); These arevright—signature poihts
for the P! trajectoryi Barger and Phillips use only nonflip t-channel
amplitudes for the P and P',vboth. f1ip and nonflip for the p. The'yt
postulate linear trajéctories and assume that the fesidues for the P"‘
and o behave forAnegative t as

5(t) = £(t) sin Za(s)

~where the £(t) is a "smoothufunctioh” and the amplitudes are written

as

A :Bimexp <'i %a) Va_n )

with m=1 for p, m=2 for P, P', and. n = O for the nonflip

amplitude (A'), n =1 for the flip amplitude (B). For the P
trajectory, their slope is so small that O <0og <1 for It < b (GeV/c)2
and the Question of vanishings at a? = -1, ~3,*+-+ never a?ises. The-;
curves shown in Fig..15 illustrate the appliqation of this model to
ip eiastic_scattering énd polarization for O < |t| < & (GeV/c)z.
The behavior of the cross section with incident momentﬁm is well repro%

i : L

duced, as are the polarization data of Fig. 6. It should be remarked ;

that the choice of almost the same trajectory for P' and o, togéther
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with the cycliclréSidué aésumption for both, ééuses the double zero in
_tﬁe polarizatioﬁvat t ~ ~0.6 (GeV/c)?, and the traversals back and forth
across zero in the region, t ~ -(2.5 - 2.7) (GeV/c)gﬁ Polarization
data beyond |t]| =2 '(GeV/c)g are devilish difficult to obtain, but
given the challenge of such interesting predictions, who can fefuse to

try? ° Better polarized targets, please.

() SULB) tests and exchange/degenéracy
' _ Ovef(thevyears'a number of ﬁésts of SU(3) in Regge exchanges
.ﬁave been made, most often 6n total Cfoss'éeétioﬁéQ One recent analysis.
6f avset-df'elastié and'inélastic reactioﬁs has been made by Mathews

(1969). He examined all the data on the six reactions,
- - + ++
B O ¢ —énon : (p). . ‘P —9ﬂOA

ﬂ_p - T]On _ (A.

+ o, F+

Kp —Kn (e +a,)  KpoxAT

The left-hand column contains the "elastic" processes, the right-hand
the "inelastic" processes with the final nucleon replaced by a A (1236).‘
At high.energies the two reactions on each line are believed to proceéd
in a common mannér vié the exchange of‘the Reggé trajectories indicatéd
‘in parentheses between them. Seﬁeral interesting conclusions emerge_3 i
‘from an intercomparison of these processés:

(1) The trajectory infefred from the "elastic" reaction -

compares reasonably with that from the less accurate "inelastic" procéss
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for the p, but not very well for the A in particular, while the

o
values of «(0) are in accord, the "inelastic" data imply a much;

steeper slope fof'the A, trajectory‘at negative' t, steeper even than

‘ 2
for the op. |
e  (ii) Exchange degeﬁeracy between the p and the A, trajeé_

tories_is'approiimate.at.bést._bThe‘ a(d) Vélueélmay diffef by as much
'as 0.2. |

(iii)i'The.aifferential cross secfibnévfof thercorrésponding i
"elastic" ahd "inelaétic",rea¢tioﬁs have remarkably,éimilar shapés;

(iv)' The.shapes of the cross sections for fhé three pairs are
very différent.::The firsﬁ (ﬁo in the finai’state3) hasia reiatively 
'sharp'forward peak‘and.a_dip at It]~ 0.6‘(GeV/c)2; the éecond (n°)  is
rather broad and beil—shapéd; the third (Ko)v process is ihfermediatgl
.in shape; | o

(v) The assumptions of exchange dégeneracy'and exact SU(3)"
vertices allowv'the:pfediétiOn ofvthe'crbsé seéfibhs for Kp -Kn aﬁd
K+p ~>K?Af+ frém the né and no‘ reactions;

) = 3R« 2EE) .

As can be seen in Fig. 1b, thiS’tést works guite well for the "elastidf
reaction, and moderately for ﬁhev”inelastic" process, when judged -
relative to the very différent t-dependences of the component cross
sections.

(vi) Evidence in support of exchange degeneracy in its strong

form (for residues as well as trajectories) comes from the decay
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correlatibns of the Af+ in all three reaétions.v Admitﬁédly Qith
sizeable errors inOSOme inStaﬁceé, all the decay correlations are the
Same; independent of energy, and in rough agfeement with the Stodolsky-
' Sakﬁrai model.

~The anticipated use of neutral K-meson beams at:SLAC for the
study of collision processe has led Gilman (1969) to examine the
COnnéction between the various quasi-two—bodyﬂprocesses iﬁitiated by
K and :K. 'Thé inference from Mathews's work of significant amounts
of 'pl.égg A2_ exchaﬁge in> K_p —>K§n and vK+p ;jKOAf+ means that
‘exphange degeneracy and crossing can be tested by comparisén of cross
.éections'and decay correlations for »K_p —»KOAP and K?p —>K+AP, for '”
- example. | |

Further remarks on exchange degeneracy are deferred until the:'

idea of duality is described in Section V.

.‘(d) Higher symmetries

In the catégory of higher symmetrieé I lump both inte}nal'
symmetries and their union with external degrees of freedom like spin,
‘and also the Lorentz symmetry of scatfering amplitudes at vénishing
vh-momentum. About the latter T will say-virtually_nothing; Both Chépf“

(1968) and Frazer (1968):tbuched‘on Lérentz polés at Vienné? remarkiﬁg;
that the powerful.group tﬁeoretical consideratiohs of Toller, Domokoé;’
“and others could be'duplicated.by more pedestfian means, using analyiiél
city and factorization for UU, EU, and. EEV scattering processes; .

S

The question of assignment of the Lorentz pole guantum number M to f'
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physical particles ié only slightly clearer, and ip a negative way, now
than a year ago; As ﬁent;onéd élready in Section‘III,l, ‘éna also in
‘Seéfion V,é below, there are:serious>diffiéhlfieéxwith an M =1
- assignment for the piQn'andvno compelliﬁg evidence from ekperimenf
févoring it. Explanations éltéfnati?e to the-pafity-doublet consplracy
can be found for“tﬁe forward péaking in 'hp — pn - and Yp —>n+n. The
present»status is thus that there is no experimenfalievidence frdm
colliSion‘pfocésses reqﬁifing anything7ekce§tr M =0 for all ﬁesonic
trajéctories. | |

On'tpe higher internai éymmetfy:fronf I cbmment on 6nlyxone
papér,vconéerned.with the six'”eléstic” and‘”inelastié" réactions
diécussed in thé last section (Delboufgoband Salam,'i969). These
processes, which invol&e Both octets and déciméfs of ﬁarydns,‘are
unifiedvby_méans'of thebéymmefry sgﬂemé, '[U(6)CSD u(6)] X 0(3). This;
symmetry, with ité: U(G)wv vertices, is baéically the quafk-model‘with.
ofbitai excitations. The assumpfion of exchaﬁge degeneracy for th¢ o)
and Ay trajectories and residues aliéws the ‘description of all éix.
processeé with sé and an'ovefall scale as the only parameters. How* 
Weilvthis model'wofks is.shown in Fig. 15, where data on the three
”elastié" reactions are compared ﬁith the model in the top wi and for
the "inelastic" processes at the bottom}E The comparison is not perfeéﬁ
in all respects, but the authors suggest thqt their model is.a good |
starting point from which to make improvements (symmetry breaking,

absorptive Regge cut corrections, etc.).
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" A rather extreme extension of this model has been made by

Delboﬁrgo (1969)'who points out that pion residues singular at tvz 0

Obviate the need for conspiracies, Reggeé cﬁts, etc. to explain ﬂorward‘

peaks. He finds a basis for such behavior in the composite nature of

the pion implied by the quark model, and not surprisingly, is able to .

" fit various data. The violation of traditional ideas on analyticity

will make this model difficult for meny to swallow.
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IV. MULTIPLE SCATTERING; OPTICAL MODELS, AND REGGE CUTS

We havé seen in Secfion'iI tha£ elaétié Séattering data (see
Figs. 2, 3, h)véén be intefpreted as'approaching.a fegime at high
energiés where do/dt bebomes independénﬁ of s and only a furiction
of - t.  This behavior ié reminiscent of the classical scattering of
waves by opaque obstacles. Furthermdr;, ﬁhe structufe seen in the
crossréectiqns (dips, changes in slope in different It{ regions, etc;)
has siﬁilarifiés to'the scattering of fast nUéléons by nuclei, where:
mﬁltipl; scattering éffecfé are known to be impdftant (Glaﬁbef,'l967;
Bassel and.Wilkin; 1967;'ana many others)_: Theée consideratidns led
Yang and éoliaborators to éxploré the -use 6f'tﬁe_conéépts:of the optical
model and muitiple scattefing in én éttemptxfo undersfand:‘dq/dt in -
.terms”of the extended structufeiof particles,'as évideﬁced by their
electromagnetic>forﬁ>féctors; a |

FIn‘a parallel develoﬁment; thé'éuéceSéés of the absé}ptive.ﬁodél
fér pioﬁ exchangé ?fécesses and iﬁadequaciéé.iﬁ.theiReggé pole model
(described to some extent in Section III; l)vled a numbgrvof theoristéfa
to consider mulfiple t—éhannel exchange;, fhe ﬁ0st concrefe schema )
being the Regge eikonal model of Arnold (1967).

The.formalism of impact para@eters and two-diﬁehsional Foﬁrieri
transfofms can bé uséd to diécuss ali models of high energy‘scatteriﬁéi : my
at moderate angles. It is not surprising, then, tﬁat the model of 7
Chou and Yang (1567; 1968a, 1968b) and of Arnold (1967) Bear a formal; 

resemblance to Glauber's theory of the multiple scattering of nucleons.

by nuclei (Glauber, 1959, 1967), even though the physical bases and ?f



_29-

interpretations are'quite different. ‘We first present a sketch of the

impact parameter formalism, the'eikonal_approximation,'the nuclear
optical model, etec., and try to show the differences among the various
models. Then we turn to specific applicatidhs;’ We will use the term

"multiple scattering" rather loosely; inCludiné circumstances where we

-are merely referring to successive terms in the expansion of exp(2id)

in powers of (2i8), as well as real multiple scattering processes, as

‘occur in nuclei. The reader should be aware that this usage is imprecise.

1. Impact Parameter Formalism for Mnlﬁiple Scattering
 ana Optical Mvodelsb. |
For-gi@plicity we coﬁsider small éngle eiastic scattering andtf
igndré s?in. .At high energies where many partial wéVes enﬁer signifi%j

cahtiy, the discrete partial wave sum can be replaced by an integration

‘over impact parameter (? ~ (4 + %)i) in a well-known manner. Tt is -

-convenient to deal with the amplitudé,

a(k', K) = = f(lg’, ]EE) ’ ' » (IV]—)

where f(k', k) 1is the center of mass scattering amplitude and k ise
the magnitﬁde of the momentum in the center of mass. In terms of a,
the‘differential scattering cross section is

do

Loy a, 02 - (2

and for diffractive Scattering at high energies, a is predominantiy;

real and positive at t = 0.
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The scattering amplitude a cén be represented by the two

: * ) s ~
dimensional Fourier transform, :

S . o
a(k', k) = %;y-er?b, e%gi“jf<1 -s(®) . o (1v03)

" where

A'S(b) ; (218(b)

is the. "partial wave" S-matrix and g =k - k' is the momentum transfér_

(% = - (g)gl).: In this approximation, a = a(g). .

The more familiér expansion
- | : | |
a = | db Jo(p(-t)%) (1 -s()) ,
o _—

~comes from assuming 8(b) 1is independent of azimuthal angle‘ 0] aﬁd
'performing_thé angular integration in &b = b db d¢,. The fepfesén;
taFion iﬁvblving Jo<b-(t)%) is valid at small'and moderate'aﬁgiés

(@vf 1). A rough criteridn is  |t| < (S/H), or

!t|(G'eV/c)2 < 0.5 PLab(GeV/c) for a nucleon target.‘ At larger éﬁgies
a Beésel representation using Jo(b k sin-@) is possible, bu£ théﬁ;

the connection between impact parameter and partial waves is lost. -,
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- (a) Scattering of a structureless particle by a potential

If a structureless particle of velocity v is scaﬁtered by a
potential V(r), the assumption of small-angle deflections (almost
linear path) and high energies leads to the following expression for the

eikonal (éé(gi) :

dr4<
<

"za(g) = - dz V(b + ﬁz) i o (Iv.h)

-

where R is a unit vector parallel to % {or (5 + 5’)) , defining

the z-axis.

 (b) Scattering of a structureless particle by N fixed scatterers .

For N fixed scattering centers, located atv-rj = kzj + 8

J’
where ij is the transverse coordinate vector, the wave function of the
incident particle accumulates phase from each one of the scatterers

according to (IV. 4). Thus .
N : : e

| 2id,(b- s.) , o

s(@) = | le Y J . . : (1v.5)
=l B

This expression for §(b) can be written in a more suggestive and L

useful form by considering the individual scatterings.  The amplitudeji

for the scattering of the incident particle by the Jjth center of fqréé

is

J ~

' ig-b 215, (b) ’ o
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We define the two-dimensional inverse Fourier transform of a.(q)

~

[called the profile function by Glauber] by

- -ig"b
~ 1 2 b

a0 - <Iv_.'7>
ITheh the.S;ﬁafrix for the Qﬁh scattering_ié'
l : .
215 (b) '
e J =: 1- g.(b)
and thevcomplete_S—maffix,fér the N; fixed sééﬁtéré}s is

s =T ‘ C-at-g) - (@
=1 R SR

The expanéion'of this product of N factors leads to Glauber's'multiple
scattering,expansion, with the lowest order terms yielding the impuléé
approximation and the highest containing N successive scatters, as -

befits a model with forward coilimatidn.

(c)~ Scattering of a structureless parﬁicle by a composite system,

optical modei

For scattering by.a comPoSite system the internal motidﬁ»éff”:
the scatterers must be taken into account. The.assﬁmptién of a shoffi”.
collision time, implied by the other assumptions of the model;.alloﬁ§; 
mere averaging byvtaking an expectation value of S(b) for the.grouﬂa
state of the target. If independent particle motion is a_reasoﬁablé%;
-approkimation, we obtain

i
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(i]s(0)]1) = ry o(z;) [ - &0 - 5)]
TR

where _pj(i) is the probability density for the jth particle.

With the further approximations that all the scatterers are the
same (or that we average the different contributions) and that the
spatial extension of gj(b) is small compared to the distances_ovef‘:

which 'pj(g) changes appreciably, we obtain

N

(ls)]1) - il-MD(E)} R )

where  a(0) 1is the average forward (g = 0) amplitude for an individual
scattering ahd'the two-dimensional density,

D(b) = fdz p(b, 2) , ‘ : | (1v.10)
is a measure of the intéraéting matter encountered by the_incident:' 
particle passing through the system at impact parameter b. " In (IV}lO),
o = ij is the total denéity.of interaéting matter. For a large
nucleus the approximation of N — «, but p independent of N, is
legitimate. Then (IV.9) becomes the standard optical model résult;Tf

Gls@) = ew () D) . (1v.11)

This_type of formula plays an important role in the interprétation_dff.

the data on coherent photoproduction of QQ‘ mesons in nuclei and'thé”
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extraction of interesting gquantities like o(pN) and ng/hn (see
Lohrﬁann (1969); Drell and Trefil, 1966} and as one specific example,
McClellan et al., 1969). Another interesting application is to the:
coherent pfoductioh of: Al mesonsAfromEnuclei'(Goldpaber:et al., 1969) 
The inferred magﬁitude inthe total cross ééctipn‘ o(Al N) 1is such as
to argue agaiﬁst'the Deck mechanism whérein‘thé Al vis merely a r and

a p produced in close“proximity, but with little interaction.

(d) Scattering of one composite system by another:
If the incident particle itself is a composite system the
formulas. of the preceeding'éectioné'have simple~modifications. The

S-matrix (IV.8) has the generalizatibn,

®) - ,—I'f{f—]/ [ eesy -g) (17.22)
S S L] S | |

where gjj,(g) is the inverse.Fouriér transform of the amplitude for.
scattering of constituent J in one compbsite by constituent J' iﬁf 
. the other. If we are considering the elastic scaftering-of He5 on
Heu vor a realistic quark‘model, we_proceéd by taking expectation
values of (IV.12) wifh respect to the nuclear ground states (see Czyz
and Maximon, 1969, for specific examples). | |

If we view hadrons as extended objects, made up of finely

divided interacting "stuff", we proceed differently. Imagine that the

numbers, N and M, of constituents in each hadron become very large.
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Cérrespondingly, the,stréhgth of the constitUeﬁchbnstituent scattering

becomes véry'small, with 5jj' proportional to (. x M)-l. Then the

first nontrivial term in the expansion of S(b) ='e218(2) can be

equated to the sum of single-scattering térms’on the right-hand side“of
(1Iv.12).  With assumptions paralleling those made in going from (IV.8)

to (IV.11), we obtain
. ‘ [}
. _ - oy _ ' ' :
218(b) = - K,p fd ' D, (b - 1) Dyb') , (1IV.13)

where ‘KAB is a complex'interaction parameter for thé propagation of

composite A through composite B, and DA:_and DB are the two-

' dimensional densities of interacting matter defined by (Iv.10). 1If one

_of the densities is taken to be Véry_highly localized, We-recover'the

optical modei.result (Iv.11) for a structureless particle propagating

- through a medium.’

This corresponds to neglecting the scattering of one infiniteéimal
constituent invone coﬁpoéite by more than one constifuent in the

other corposite. 'Examiﬁation of (IVllE) shows that for N, M - «,
533, oc (NM)_l; this procedure is legifimate. ‘'The kth term_inithé‘J’
multiple scattering series, (IV.15), below, is then the sum over |

all possibilities of the simultaneous'scattering'of k pairs of

uncorrelated constitutents, one member of a palr from each composite.
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je)' Multiple scattering series and its inverse

It is instructive within the continuum,apprOXimation (és
‘represented by (IV.13), or in‘the original (IV.})) to expand .S(E) in
powers of &(b) so:that the "multiple scatteri?g"'series (infinite now)
can be exhibited. With the definition, | |

| | ig-b '
alg) = - é—ﬁ- '-fqzb,,eg N‘[EiS(E)J_ 5 . (Tv.1k)
one finds
a@) = M) - 5 A0 ® AY) + E AQ@ AD® alg) - v
| - o (1v.15)
whefe'
P ®o(e = b [darrg-gno@) , (@wag

is a convolution in momentum space. The corresponding expansion.for

A(g) in terms of the scattering amplitude is

Mg) = é'=.1(4§L) +% a(q) @a(%)‘ + % a(%)®é(g’)‘®a(%),+

(‘IV-l?)

We note that A(g) is.énalogous to.thé Born approximation for
potential'séatteriﬁg, or to the'impulse approximation in the scattering
of nucleons by nuciei.‘ For potential scattering with a real phase shifé
6(?), the successivé terms in-(IV.ff) have phases suéh:that the odd

terms are imaginary and alternate in sign, while the even terms are :



nth term in (IV.15) is proportional to

-3

real and also alternate in gign. TFor the'moré realistic limit of real
A(q), successive terms are real and alternate in sign, giving the
possiblity of interference minima, as seen in the data. If A(g) is

. . 2 , .
approximated by a Gaussian, A(q) a efxgv, it is easy to show that the-

efkqg/nf Successive‘terms in
thé "multiple scattering” series thus tend to give flatter and flatter
contributions that dominate at larger and larger angles.

Detailed studies of the convergence of the multiple scattering 

series and other aspects of the Glauber appfoach have been made recently

by Czyz and Maximon (1969) and by Kofoed-Hansen (1969). I refer you tpl

. these papers for information on how reliable it is to terminate the

series (IV.15) after only a few terms.

2. Chou-Yang Model, Hybrid Model, and

© Multiple Pomeranchon Exchanges

(a)  Chou-Yang model

The mcdel éf Chou and Yang (1967, 1968a, 1968b), and the earlief_
models of'Wu and Yang (1965) and Byers and Yang (1966), .are based on the
videa of hadrons as.extended ijects whose ability to interact is given by
a Well—defihed density D(E).: For definiteness, the;electromagnetic fo%m
factors are used as the indicator of hOW'theiability to.intéract is |
distributed in space. Thus, the hadronic density D(b). to be emploYed 

in (IV.13) is given by

, .. : _ (Ivf18>
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and the first term in the "multiple_scatteringf‘series (IV.l5) is

A(g) = (constant) x [Fem(qg)lg ;o o o (1v.19)
-aé'can be verified frbm'(iv;i5) aﬁd'(iV.lh).* -Forvparticles'with~spih-
there is sbmé'ambiguitj as to wﬁat electfomaghétié_form factor tbvuse.
lChou-énd Yang choose the ﬁirac forﬁ factor,i Fl(qg), ‘for ﬁrotanProton
 s§attering, | | -

| ._A'anber 6ficalcuié£ions have beenamade with thé Chou-Yang'.

~model. The originafors themselves made two em@iriéal'fits to:the hiéh
enérgy PP scatféripg.dété for |t | <1 (GéV/c)E.rand then used the
expansion.(IV.l?)'to,deduce the mdmentum transfer dependence ofvthé .
électromagnetic-form factor.éf_thé:proton.. They showed that the highér
- terms in (IV.17) were imﬁortan£ only7forv |t] > 1 (GéV/c)g, and that £he
ihferfed electromagnetic fofm‘factor of the'prot6n wa§ in geﬁerél B

agreement with experiment for Jt] values as large asb,QO(GeV/c)e.

Tt should be noted here that the approximate relation,

dopp"
at

| A, 2. B, 2,2
~ (eonst) |7, A(a®) 7, B(a%)]

.

holding at small 1t| values, was arrived at from the quark model.- -~

by Van Hove(i966a),A§nd earlier by Wu and Yang (1965) for large ,15[

values.
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-0f more ihmediate interest to us are the calcﬁlatioﬁs of Durand ana
‘Lipes (1968), comparing fhe asymptotic Chou-Yang differential cross
section for p-p scattering with data of 11 to 30 GeV/c incident
momenta and 0 < || < l6'(GeV/c)2. These are shown in Fig. 16. The
solid curvesxare those of the model, while the dashed curves give.thé .
trends of the experimentél data, shown.in moré détail in Fig. 3. The

1"

curves are calculated with a "dipole" form factor,

| Fem(qg)_cn 7(p2 + qg)_e, with u? =1 (GeV/c)z. Curve a has a real
:éonsfant;"Kpp;'iﬁ_(IV;lB), chosen to give the correct asymptotic'ﬂotal
cross section for p;p interactions (~%6 mb). Curve b has a complex
constant k@p’ with the ratio of real to imaginéry'parf”choséh to yield
the;experimental value of o = Re f(O°)/Im f(Ob) at 26 GeV/c. The
pfesence of the coﬁplex interaction paraméter ﬁashes out the deep
diffraction dips and gives structure at t] ~ 1.5 (GeV/c)2 remdrkably
like that seen at 20 GeV/c in Fig. 3. Tt is worth noting that within
- the framework ofvthis model the deep difffaction minima are expected to
becomé more and more visible as the ihcident energy'increases, but if-
o vanishes siowly eg., (4n s)_l> the approach to'”infinite energies"
may be rather slow.

While discussing the connection between the electrdmagﬁetié
form factors and hadron-hédrbn scattering, mention should be made of
the specific model of Abarbanel, Drell, and Gilman (1968, 1969). These
authors return to the idea of Wu and Yang (1965) tﬁat the large anglé;

scattering of hadrons is related directly to the electromagnetic form
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féctors. They‘propose a médel With an empirical diffracti?e contrgﬁution
at small t,‘bresumed to be géhérated'by normal hadronic dynamics, pius
‘an elementary local. current-current interacfion‘whoée'ménifestétion at
large It] . is via the véctor and axial vector form factors measured in
v electrbmagnetic.aﬁd weak proceéses. Care is taken to incorporate the
fequirements of ﬁnitarity;‘at léast appfoximatély. One result of this
is the observatibn that the deep minima of éurve"a “in Fig. lé'may be
a Qonééquence of the neglect”bf_direcf channel uﬁifgrity in the Chou-
Yang modelt ‘--. |

| 'InelAétic proceSééé, cbrresponding to eXcifation’of the collision
 partnérs,withQut change.in internal symmetry quantpm'numbers. (G, I2,i

~

I3,~Y, B), are dichssed by Chou and Yang (l968b).‘_Sele¢tion rules for
these diffractive excitatipn pfocesses are inferred by imagining thét
thé_densitiés p(r) in D(b), (IV:lO), are nét c;numbérs, as assumed

50 far, but rather are gquantum mechanical opefators. These'operat;rs,
can cause excitatioﬁ of the incident partiéles,'buflnot transfer of
interﬁal attributes like charge‘or hypercharge...The selection rules are

those obtained by assuming that the diffractive mechanisms can transfer

ohly orbital angular momentum .and its associated parity.

- (b) -Hybrid model

The basic idea of the Regge eikonal model Qf.Arnold (1967) is
that the eikonal phase shift, (Iv.h) or its generalizations, is given -
by the sum bf the Fourier transforms of the relevant t-channel Regge':-

pole éxchange amplitudes which provide the "potential". This means that
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the first term,. A(q) in.(IV;lS) is givén by the sum of the Regge'pole,
amplitudes themselves. Succéssive terms in.the multiple scattering
series then providé corrections presumably impbrtant at larger angles,
as already described. ‘, | .

Chiu and Finkelstein (l968a,b) proposed a hybrid model,
containing the Chou-Yang model at infinite'energy,vbut having corrections
at finite energies froeregge poles whése ai(o) < 1. 1In Regge ﬁole
language?'thé hybrid modél fits into Arnold's framework with a set of
"normal" Regge poles (P', p, w, A,, etc;); plus a fixed pole at J ;_1
insfeadﬁof therPomeranchdn.-'The "Born term" for the multiplevscatteriﬁg
series is thus

__i%oz.(t) a,(t)-1

. ) . - J A oo
. : J .
- _ ‘ s , (Iv.20)
B R O SRR &)
d S o v o
where Aaiff(t) 'is the diffractive Chou-Yang amplitude and the sum is
: * :
over the remaining Regge poles.
The presence of the Regge contributions in (IV.20), with their

s dependences and their t-dependent phases, means that at finite

energies the multiple scattering series (IV.15) will yield cross sections

: quite different in detail from the asymptotic behavior exemplified by:

curve a in Fig. 16. Calculated cross éections for p-p scattering,

Note that Bj(t) is real for odd-signatured amplitudes and purely':

imaginary for evenfsignatured amplitudes.



“L4o-

Where the P' and w trajectories dominate, are shown at several
energies in Fig. 17. At 25 GeV/c there is no sign of a dip at
t = -5.8 (GeV/c)2 and only a shoulder,:rather'than a deep minimum,
at 't x -1.3 (GeV/c)%in agreementdwith the data shown in Fig.'jrl By
iéOQ GeV/c incident momentun the calculated curves‘shOW‘clearly discern- -
~ able minima at t ~ -1.% and -5.8 (GeV/C)g,'as‘Well as some.shrinkage
towards the asymptotic shape;” Anotherifeature isvthe:explanation of
the "cross?overvieffect.(see Section IIT, l) for b-ﬁ and p-p
scattering withbut'reQuiring the residue of the' W Regge_pole'to
'vanish at t~ - (O 15-0. 20)(GeV/c)

Essentially the same hybrid model was used by Arnold and-
Blackmon (1968) to discuss nN scattering and polarization. They
used a dipole for “the electromagnetlc form factor entering (IV 19) and
1ncluded the P' and o Regge poles. The splns of the nucleons were
" handled in.the impact parameter formalism invthe way described by
Arnold (1967). vGenerally_good agreement with all available data on
. differential cross-sections and polarizationfis found for incident
momenta above roughly 5 GeV/c and |t] < 0.5 (GeV/c)g.. The cross over
effect at small Itl is obtained provided all'thevp—excbange amplitudes

vanish at a = 0 (p chooses nonsense).

- (e) Multiple Pomeranchon exchanges

The Pomeranchuk or vacuum traJectory has occupied a special
pos1tion in the heirarchy of Regge poles because (i) it is the highest

’.,lying trajectory, (ii) its slope seems abnormally small
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Q;b': 0-0.% (Gev)‘?), and (iii) there are serious doubts that it is a
simple Regge pole. Some of the doubts concern the apparent slope and
the lack of particles té_associate with this trajectory; ofher stem
fiom a belief thaf diffractive scatfering is a compiicated shédowing

effect, far more involved than the exchange of a single Regge polé. The

vChou—Yang and hybrid models make a clear distinctidn between diffraction
and the exchange of other gquantum numbers-they contain a degenérate

'Pomeranchuk trajectory of zero slope. The othef.extreme is to assume

that the Pomeranchon is a normal Regge pole with an ordinary slope, but’

‘that multiple scattering corrections are'important. The observed flat

frajectory is then a consequence of abproximating the multipie scattefing
series (IV.15) by a single Regge pole amplitude. Frautschi and Margolis
(1968a,b) consider this approach, simplifying their model to include

only the Pomeranchuk trajectory in (IV.20), and of course omitting

'Adiff(t). ‘They obtain an elastic cross section which, at any one

eﬁergy,‘resembles those of the Chou-Yang or hybrid models. But because
of the finite slope [aé(o) ~ 0.8 (Gev/c)'gj the whole diffraction
structure exhibits shrinkage. Present data are probably consistent with

either behavior. Presumably, 70 GeV/c data from Serpukhov will begin ’

.to determine whether there is appreciable__é dependence to do/dt

above 30 GeV/c.
Two ©perhaps botheréome points should be mentioned here concéfne

ing the picture of multiple 'P exchanges. With aP(O) ='l_ and

aé(0)1>'0 the "Born term", A(t), in (IV.15) is real and positive at



A

.t = 0, but has a small pos1t1ve 1mag1nary for moderate phy51cal |t|;'
-,The double scatterlng term, with its convolutlon over phy51cal t values,
will subtract off a term that has its phase in the f1rst quadrant ' This
_means that at t =0, the flrst-correctlon to A(O) d1m1n1shes it in
‘magnitude ahd giVes itca negativevimaginary part.. The total cross
sectioh will thus approach its asymptotic value, by A(O), from below,
and Q = Re £(0°)/Im f(o°)_1wii1 be positive. Neitherrof these predic-_
tions agree with data at  ~20-30 GEV/c' :Pérhaps the‘iucorporation of
lower Regge poles, as in the hybrld model w1ll remove these difficul- .
"tres. If so, the predlcted behavior of ot( ) and o(s) should set in
at higher energ;es (another reason for still more powerful accelerators.).
' While on the»subject of multiplevRegge'exchanges, mention should
be made of the Reggeon graph techniques of Gribov @9675)-.The.methods
encompass the muitiple'scattering models discusSed aboue and generaﬁe"
alternating signs,for:the successive terms in:the multiple Reggeon |
exchange series, just as in (1v.15), as well as the behavior of ot(s)'
and a(s) just described ‘Another application of multiple P_.exchange
is that of Ansel'm and Dyatlov (1967) who show that at large |t] therev

are os01llat10ns produced in do/dt

: 3.' Cutsvin the J-plane
The fact that Regge poles are not the only singularities in
the complex angular momentum plane has been known for a»iongafime. rii
#efer you to Chapter V and VII of Collins and Squires (1968) for some

of the details and references to the literature. Mandelstam (1965)
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showed that there was every reason'tqbexpect that, in addition to Regge
poles, there would be Regge cuts in the J-plane. Such a cut will give
a contribution to a transition amplitude of the general form,

a (t)

J |
aJ (-2—) disc A(d, t) , (1v.21)
o : L . .

-0 . . . . . o .
where disc A(J, t) 4is proportional to the'diséontinuity of the partial
wave amplitude across the cut and ac(t) is the end point of the cut.
If the discontinﬁity behaves as Duc(t) - J]" at the end point it is
. easy to show that the large s behavior of the amplitude. is

.'ac<t)

llm A(S, t) oc . ']I’H-l 2

R S

(1{7.22:)

where the phase in the denominator comes from.keeping track of the -
: phase of the signéture factor.

The most popular way to génerate Regge cuts is to allow multiple
ﬁégge pole exchanges. The location of the end point ac(t) dependé on
the details of the trajeétories of thevpbles exéhénged. For the simplew'
case of two linear trajectéries, al(tj = al(O)+‘ai(O)t, |

dg(t) = qg(o):+ aé(o)t, the expression for _ac(t) Cis
a (t) = .oc (0) + ozv('o) -‘1 + ai(O) aé(O) t . ('Iv.v125):l
et 2 ol (0) + a(0) - -
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We note thaf the slope of the cut is s@aller than'eifhef slope (if
ai > 0). fhe infercept‘at 't =0 is generally‘belOW'the'lower of the
two intercepts, but for one of the trajectories having a(0) = 1, the
intercept of the cut and the other pole cdincide.

At firs£ gldnce‘i£ would seem eas&‘teieséébiishvempiricélly'the
presence of,a Regge cut. All one needs to do is examine the high energy
behavior ;sd identify the presence of the logarithm,in (Iv.22). In
order to dlsabuse you of that idea I dlsplay in Flg 18 the ‘absolute
scuare of one power of the logarlthm from (IV 22) Over'presently
acce551ble energles the standard methods of extractlng a Regge trajectory
“from a cross sectlon would be unable to see the logarlthmlc dependence
and would infer‘instead an effective « value_roughly 'Aa-= -0.25
beleﬁ‘whateverb sa Iﬁas ﬁ?esent. The_actual situation Wiil undoubtedlys
be more involvedi On the theoretical side, the logarithmic dependence
shown in (IV.22) may not set in until quite‘high energies. And in any
given process there may be a combinatien of effects, with a pble perhaps
dominatiﬁg st small || éﬁd_the_cut or euts only confributing (by.
virtue of their smaller slopes) at moderate or.lerge Itl. Then the
equivalence of the logarithm to‘an additional factor of s-% in the

amplitude will only'mask the flatter slope of the cut and simuiate a
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continuation of.the trajectory of the pole.* Multiple Regge pole
exchangeé give higher poﬁeré of logarithms in (IV.22), but also flatter
slopes to the end point of the cut.

If the logarithmic_manifestations of the cuts are not identifi-
able in-fhe energy dependence, how can one expect to verify'their’
présence? One place to look is in-a process where the exchange of a
single Regge ‘pole of normal quanfum numbersvis forbidden (Phillips,,

1967a). A good example of such a reaction is backward K_p. scattering,

.discussed in Section II, 7. The u-channel exchange must have B =1,

Y %'Q =2, I=1. This is provided by fhe exchange of a proton or Ab-andba

K or K'+. The effective .a(O) for Y = £l meson exchanges is

\

An apparenﬁ‘counter-examplé to my pessimism about extractiﬂg evidenée.
for the existence of.Regge cuts is given by Huang and Pinsky (1968).
Their Fig; 1 displays-én effective «at) for p-b élastic’scattering
that is gualitatively similar toAmodel calculations madé by Rivérs
(1968) and can be takén as showing shrinkage according to single P
exchange fof |t] < BV(GéV/c)g, double P exchange for

5 < |t] <12 (GeV/p)g, etc. While this is suggestive, itvdoés ﬁot_
»correspond quanfitatively to the multiplevscattéring.Calculations
<$ection E(b),v(c)>, for which the succéssi&e P exchanges begin

at much smaller values of |t].
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aK*(O) = -0.25 + 0.25, while the corresponding intercept for the A is
dA(O) ~+0.15. The end point of the A-K or A-K* cut should therefore
have an intercept, ac(O) i -1.1 * 0.3, leading to a power law behavior

b7

of é 'in the cross section if ailowancé is made fdr the logarithm in
(IV.22). This can be contrasted with the;empifical‘ s~ 0 dependence
.seen in Fig. 10 for incident momenta from'l.8 fo 3.5 GeV/c;f It thé.
cross section continues its precipitous féll with iﬁcreasing 's;* the
oﬁly conclﬁsion opeh‘to us is fhat, for this reaction at leést,
_.multiple Regge pole exdhanges'andﬂtheir assoclated cuts invthé J-plane
are uniﬁportant.

| While the undmbiguous verification of the pfesence of cuts in
.the J-plane is difficult, théir'impértance is.indicated.in a number of
ways.v In Section III, 1, we described some of the problems with models
employing only polesvf the need foi cbnspiraciés, fpe breakdown ofi
factoriiation.of pole residues, ete. Regge cuts were suggested, first
on a purely empirical basis, as an alternati?e. Thé literatufé here is
extensive. We cite only two.representatiﬁe exampleé:

| (i) .Polarization in- n;p‘—anoﬁ"(dé Laﬁy et al.,.l967; Chiu
and Finkelstein, 1967): ‘The. o pole-amplitude intérferes with a " cut
amplitﬁde of different phase to produce polarization. 
(ii) Forward peaking in np — pn and Eb - nn " (Kaidalov and»

Karnakov, 1968): Tﬁe 7 and p pole'amplitudes vanish at. t = 03
interference with the cut amplitude, assumed to come from the exchange

of n and P trajectories, gives a sharp forward peak Jjust like the

fits using two conspiring poles (Phillips, 1967b).

Michael (1969) estimates -5 GeV/c as the momentum at whichjthe double

exchange contribution should begin to dominate.
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The evidence for importanf contributions from Regge cﬁts in
fhe‘J—plané; while circumstantial, is quite convincing to me. Theory
expects-and*needsbthem; experiment is. more. comfortable with them.

There is, however, the suggestion of a peculiar absence of a cut contrif
bution in vK'p backward scattering. Ié it possible that the only
iMportant‘Regge qut-amplitudes come from Pomeranchon exchange in‘

addition to an ordinary Regge pole?

L. Abéorptive Modél Recipe for Generating Regge Cuts
One of the difficulties with Regge cuts is the lack of know-

ledge of the discontinuity function in (IV.21). At present there is

‘no really satisfactory‘Way to estimate the cut discontinuities, although

some progress is being made via the multiperipheral bootstrap. The

standard approach is to use the ideas of the absorption model (Jackson,

1965), or equivalently the Regge eikonal model with a sum of Regge poles

.as the Born approximation. Thé generalization of (IV.3) for inelastic

processes in which the transition interaction is treated in lowest
order, but full account is ‘taken of the elastic scattering in the
entrance and exit channels (the analog of the DWBA of nuclear physics)-

is

o , i ia/i(g) B 18 (b) o
a; (s, 8) = 5= .fd b e e A (p) e I s (1v.24)

1] i~

 where 6i(g) and SJ(E)“'are the elastic scattering phase shifts

(complex at high energies) for the channels i and j, and Zij(b) is
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the inverse transform (IV.7) of the lowest order transition amplitude
(to be approximated by a few Regge poles). Use of the equation above

(Iv.8) for the elastic phase shifts leads to. the approximate expression

S

a, .‘ ~ {Aij - %(aiig) A:;LJ.} Aij® a‘jj)  ', ‘ ”(IV.257)
With the convolutions defined by (IV.16). This fesﬁlt'éah‘glso be
obtained from thev"multiple sgattering” serieé (IV.lS)'by assuming'that
A(g)_>is avﬁatrix_with a iargé diagonal part énd small off—diégopal |
~elemerits. 'Eqﬁations‘(IVLEM) or (IV.25)vare the basic formulas of the
absorption model and have been:ﬁsed‘with considerabie sﬁécess for
précesses dominatéd‘by pion exchange. They aléo'seiQe.aS the étarfing
péintnfbf the genefétioﬁ'bf.Regge cﬁt amplifudés. ‘Cleafly the aﬁsorp—.
tion model, the ﬁuitiple scattering models described in Sectidn'2; andt
models with Reggeipoles and cuts are éll closely related,.differing iﬁ
their inpuﬁhféf the elastic and inelastic amplitudes. .Equatidn (IV.25)F_
is éséentially the first two terms in‘fhe "multiple scattering” series
(Iv.15); thisvis-expected'to be a goéd appfbximation in the small ltlk

" region. : . vv : | ' ‘
Amati, Staﬁghé%Lini, and Fubini (1962) showed that the
véonvolutiﬁn implied in (Iv.25) generated an amplitude pdsséésing cuts in

the J-plane. Indeed, consider (IV.16) in the spirit of (IV.25) where

x | :
If B, = SJ.,‘(IV.ES) follows exactly from (IV.24).
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one of the amplitudes is elastic scattering, and approximate F(%) by

~an exponential .in q2 = -t,
F = AC exp (},% qg:) . (1v.26)
Hefe A anc C may be energy dependent (if ¥ represents P exchange,
: | (0)-1 _
for example, A = 2! (O)[En(s/s ) = ix/2] and C oc s . ). With

. G = G(s, qg) it is straightforward to show that (IV. 16) can be wrltten

g

a.s

F®G = 3 Codtt e IO[A(tt')Z]G(s, t') o (Iv.27)

)
1f G(s, t') is a Reggenamplitnde‘witn a factor (s/éo)a(t'), a change
of variable will cast (Iv.27) into the form (IV.21) with a definite |
expression for disc A(d, f). Spins: can be incorpofated as in the .
impact perametef Version of the absorption model by-replaeing Io(z)
by In(z), where n = |n - u| is the net s—channel helicity flip in the
transition.
Equations (IV.25) and (Iv.27), or closely related expressione,’

form therbasis for numerous calculations of peripheral. processes withi
absorbed" Regge poles (Cohen-TannoudJl, Morel, and Navelet 1967,
Schrempp, 1968 White, 1968 Michael, 1968; Rivers and Saunders, 1968
Henyey et al., 1968; Henyey, Kajantie, and Kane, 1968; Jackson and

Quigg, 1900; Kajantie and Ruuskanen, 1969). A number of these papers

address themselves to the polarization seen in nN charge exchange to_
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which we referred above (see also Arnold and Blackmon, 1968), as well

as the shape of the differential Cross séction.',These érg two viewpoints
‘here. One is that the basic Regge polé ampliﬁude' A&j in-(IV.25):
should be‘a'ﬁraditiohal amplitude wi£h appropriate féétofs fo cause it tb
faniéh at "nthénsef T values (Jv< IJZI); tfhe presencé 6f¥one suéh_
.‘factor, ap(t), in the B(-)? amplitude ié, of course, the custémafy'
éxﬁlﬁnatidn}of.the dip in the N charge exchange cross section a£

t ~ 0.6 (GeV/c)g; If G(s, t'). inrthe convolution (IV.27) changes

sign in the region of integration, 'fhere will be cancellation in' the
integral andithé resulting cﬁﬁ’amplitﬁde will tend_to be sﬁall.v Thus

_ the:absorptive correction.wili causeZOﬁly modest changes from the pufe:u
‘pole term. Dips wiil still be mainly a consequence of the‘sﬁructure éf
the polé amplitude itself; An alternative view, espoused by Henyey et
al.’(i9é8), is thét in the presence of absorptive COrfections allvpriof
hotioﬁs about senéeQnonsense factors.should be diécardéd.v This idéa.
draws support ffom the work of Jonés and Teplitz (1967) and Mandelstam
and Wang (1967) who showed that the standard argumenté for the presence
bf seﬁse-nOnéense factors fail because the residues become singular at
wrong-signature nonsenée.points when the third double épectfal fUnctioﬁ.

* : . .
is present. - In any event, if G(s, t') has no a factors and so .does -

We will see below, in Section V, 3, that exchange degeneracy may
bring back the factors of « in spite of this argument. There is
also some guestion as to the necessity of singular residues (i.e.,. .

multiplicative poles) (Oehme, 1968).
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not change sign,.the cut integral (IV.E?)-will Be much larger}‘ Then the
mechanism for a dip in'the cross section is the destructive interference
between the polé and cut amplitudes,.as shown schematically in Fig. 19.
This kind of behavior is closely connected to the effects seen in Figs.
..16 and 17 for the Chou-Yang ana hyﬁrid models.

The choiée‘between structureless polebamplitudes, piué”siZeable
absorptive corrections, leading to sffucture in cross sections, and polé
amplitudés with the étandard (0] faétors, plus more ﬁodést abSorptive :
'corréétiéns,aWill not be élear for some time,:if ever. I personélly
favor thé-mOfe conservative idea that the pole amplitudes possess the
sense—nonsenée factérs, partly from prejudice and partly because of the
successes of exchange dégeheracy iﬁ correlating . the presence br ébéenCe
of direct channei fésOnénces with the Regge‘poles'in the crossed
channels (see Section V,3). .

One important point should be made about t = 0. There are a
numbef of prpéesses (pn -~ np, Yo —;n+n, n+p —apOAf+) that appear to be
dominated by the exchange of a single Regge pole (in the examples
listed, the pion). In some of these processes,the amplitude of the
single Regge pole must vanish at t = O for kinematic reasons:(see
Bertocchi, 1967). The differential cross section is then expected to'
vanish in the forward direction, The observations show, on the |
contrary, éharp'forward peaks. - Such peaks find a natural explanation
in terms of absorptive corrections. Thevcut amplitude (IV.27), being a

~convolution over t', is smoothly varying and nonzero at t = O. The
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pole émplitude increases away from t = 0, causing destructive interference

- and a sharply falling cross section. This mechanism explaing all the sharp

forward peaks and avoids the difficulties of conspiracies (section TII, 1).
5. ASF Unitarity Corrections versus Absorptive Corrections
Ihe generation of Regge cutsAin the ASF multiperipheral modei occurs
through the applicatioh“of unitarity in the s-channel. ‘If_the,many particle
ihtermédiate states are assumed to give rise to the Regge bole, it is

perhaps- plausible to consider only the gquasi-two-body channels as intefi

'mediate states in the unitarity equation where the individual amplitudés

are given by Regge pole exchanges.” If this is doﬁe, then in the usual high-

énergy;lsmallAangle‘apprdximation the unitarity equation reads

Re-aij ~ Re Aij + v%(aiiqa AQS + Aijcg)a;j),f : o Y(IV.28)
where thefe are real barts'insteéd of imaginary pafts because'of our
definition (Iv.1). In fhe approximationrthat"aii = ajj we havg unitéfity
and abéorptive corrections gi#ing the:following different.expréséioﬁs for

the modification of the real part of the amplitude;

Re(aj’_‘i & Aij) (two-body unitarity)

Re a,. - Re A, . ' .
S & - , | |
_Re(aiiéﬁ Aij) ~ (absorption) |

, . . ' - (1v.29)
Finkelstein and Jacob (1968) observed that, to the extent that the elastic

amplitude a, s is real, these two corrections are equal.in magnitude,_bgt'
opposite in sign. Varioué comparisons with experiment-—thé sign of thé
polarizaﬁion in nN'_charge exchange, the forward peakings in np - pn€and
P -~ n+n, the general success of the absorption model for pion exchangé—;
favor the second sign in (IV.29) (Finkelstein and Jacob, 1968; Rivefé and

Saunders, 1968).
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The fact that the tWo—body unifarity correction of ASF gives the
.wroﬁg sign empirically is no cause for alarm. It has been appreciated for

some time that the use of two-body unitarity at high energies means that the

" cut in the J-plane implied by the ASF correction is on an unphysical sheet

of the energy variable. Mandelstam (1965) showéd,-invfact, that on the

physical sheet the ASF cut is cancelled by contributions from many-particle

intermediate stétes in the uhitarity equation (see Céliins'and Squires, 1968,
p. 128 ff and p; 183 ff). There are more éomplicated diagrams, suggested by
Mandelstam; that do giverrise.to.Regge.cutsﬂ‘ These diagfams involve‘four
or more particles in the intermediate state and resemble multipie scatterings
of the constituents of compcosite systems via Regge exchanges. The sign of
the cdfrecfion.term fromithese'diagrams is fhé same as the absorption model
sign in (IV.29), and in égreement with’Gribov'(1967b). ‘Tt is interesting'
to note that a mu;tiperipheral bootstrap ﬁsing_unitariﬁy may generate 
self-consistent Regge singularitieé with the absorptive sign for the cut,
provided the production amplitudes have absorptive corrections to beéiﬁ
with (Caneschi, 1969).

Another method of applying tﬁe constréints demanded by unitarity
is used by Jacob and Pokorski (1969) to study elastic scattering. The
first ordér corrections are similar to those.of the absorption model:or

the Glauber multiple scattering series, but higher order terms are

‘different. This analysis shows that the .absorption recipe, (IV.25), or

the double scattering term in (IV.lﬁ), are useful first order unitarity
corrections, but cannot be expected to form the basis of a rigorous

treatment of unitarity.



6.

V. FINITE ENERGY SUM RULES AND DUALITY
The subject Of'finité'energy-sum rules (FESR) or’generalized
:éﬁperconvergence.relationé is a:large one with several aspeCts{
‘Fortunatély it has been covered'by both Chan (1968)_aﬁd Frazer;(l968) at
éienna‘apd byfﬁorn (1969) and Dietz (1969)'athchladming;:‘The early
fdevelopments.of tﬁe conéept of duality were diécussed at Vieﬁnavbyv |
Harari (1968)-and the more recent aspects at Séhlﬁdming by Jacob (1969).

4

Lipkin (1969) hés;-of course, described the.usefof FESR, exchange
degénerééy, and duélity in his discussion of resonances. The existenc§ 
of these reviews allows me to concentrate on those aspects that bear

direétly on models for high eﬁergy processes, omitting much interesting..

material on bootstraps and resonances.

_ i. . Equations and ﬁaéic‘Results.

The.use of fixed‘momentum transfervdispéréion félations and
asymptotic behaﬁior in order to correlafe iow and>high.eﬁergy propertiés
dates back to Igi (1962). Two historical obéerﬁations can be made here.
The firét is that Igi was concerned with using his sum fule as a test
of whether ReggeVQuts existedrin the J~plane. The second, more personal, .
observation concerﬁs-a cénversationvwith Professof CheW‘iﬁ’

Urbana in lafe 1961 or early 1962 in which he described Igigs work; tﬁéh
jqu 5egiﬁning, whereby Iéi_was subtractingvout the Pomeranchon contri;;t
butioﬁ from the forward dispersidn relation for i N
C(+)(v) = A(+)(v) +y B(+)(v). 'The_dispersion relétion for._C(+)(v)

is divergent without subtractions and the hope was that, once the P.
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contribution was removed, the then convergent integral would yield the

threshold scattering length. I said, "Geoff, if that works, I'll really

' begin believing in Regge poles.'" Professor Chew went home and nothing

was heard for six months. Then Igi's letter appeared; the trick had
hot worked; Igi.had discovered the P' trajectory instead! Much has
happenedAin the intervening seven years. I now believe in Regge poles,

and also Regge cuts. The interesting cquestion of whether FESR can

'~ distinguish poles from cuts is touched on in Section 2 below.

(a) Standard formulas- for FESR and CMSR

For two.pérticle processes it is convenient to use the variables,
v=(s -u)/bm and t, where m is the mass of the target. The ampli-
tﬁdés' A(i)(v; t), even and odd under (s -_u) crossing (v ~>-V),_arér'
assﬁmed to séfisfy fixed t dispersion reiations in v

[ve]

| AB0 - % oy malPr, b [ o V,l+ V} ,(V.1)

v -V

where the v' integral has discrete (pole) contributions for

0 < y' < Vin and continuum contributions for - v > Vip, Equation (V.1)

. is equivalent to Cauchy's. theorem applied to a function that is analytic

in the cut v . plane, apart from isolated poles on the real axis.  There
are several ways of getting from (V.1) to a FESR. One is to observe
that an amplitﬁde with powef law behavior in v and definite crossing

properties~satisfies the dispersion relatién, (v.1). Now suppose that



for |v|.> vy

A(i)
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(v, t).

poles (or power law terms):

A(i)(vé t)

where

+)(V: t)

Then the difference,

vanishes for

expanding the denominators in

Alv, t) yields the set of integer-moment

When‘spins are present,

Ivl > vy

side of (V.1l) vanishes for v'

| oz(t)
Z B(t)v <

R(i)(V) t)

(v

(
i - cot

A(V1‘£> =‘A(V; t).'

> v

R(v,

t),

i + tan Z

can be written as an expansion in Regge

> ?l) , (v.2)

x

2% _ R
- (v.3)

5%

‘satisfies (V.l) and -
Furthermoré, the integrand én the right-hand
B By cénéiderihg v > vy aﬁd .
(v'/v), this dispersion relation for

, finite-energy sum rules

" 20, 1), ()

for _A(_) and n = 1, 3, 5;f"' for A(+).

(FESR) :
Vl Vl
dvy “Im A( )(v, t) = dv v
o 20
where n = 0, 2, L,
*

.
d

may be replaced by (03

Note that 'R(+) and R(—) have different Reggé poles contributing:

- m), where mi

is a positive integer depending on the t-channel helicities

[m =

max (|n], [ul), A =2y -

3’ ui

Xe “Xuj-
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Since the rlght hand side of (V h) 1nvolves only powers of v, the

j.1ntegral can be done expllcltly and one flnds.

a.(t)m+1

V1  Vv' - | R () v. 9 o  ’“
dv v In A(i)(v, t) = ZE: ﬁJ(")_ L - . (v5)

o ; : a.(t) +n+1

Anothervwey.to obtain (V.§),_Or its eqnivalent, is to assume that

A(i)(y,_t) is given by an asymptoticvform, Aasyé )(v; t) for

;lvl >lvl. Then Cauchy s -theorem for v A( ) -can be applled around

v.the contour shown in Flg 20, This ylelds

v ' o :
o P mal, b - -pRe | de(y, ¥
16 o
Ko we

If Aasym(n, t) is given by the.Regge pole expansion (V.B);‘we'recorer'.
the right-hand side'of'(V.5),vbnt (v.6)vhas_th¢fvirtue that more'compii;
ceted asymptotic forms, including Regge cuts, can be evaluatedvin'terms
'in_the comple# veblane‘

of an integral over a semicircle of radius vy

(Michael, 1968). Nothing need be explicitly assumed about the behevior o

“of A(i;m at small V.

Contlnuous moment sum rules are generated by con31der1ng
dlsper31on relations for v A( ) or A( ), multlplled by a factor,

v )772, which is even in v,'real and positive for'real
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lv] < Vth,'énd has the phase exp(-in¥/2) Jjust above the cut for

v > vy, The finite energy sum'rule for A(f)(v, t) is then

v . o . ) ,
dﬁ(ve' - V'tﬂg)y/elgos(gﬂ Im Av(-)(v, t) - sinﬂ<;—ﬂ>.'Re'A(_)(v, tﬂ

‘; ZE: Bj(t) vy © cos(aj + 1) 5
- , Q.1 .
3. aj + 7+ 1  cos J
. : 2
(v.7)

Hére we. have assuﬁed thatvthe high energy behavior Qf'given by a suﬁ_of;v
Regge poles. For vy A(+) the sum ruie_has the same fofﬁ,ﬁut with |
aj —gaj>f 1" (and Regge po%es pf oppdsite signafure contribﬁting,-of
éourse). When‘va_is equal to én even: integer We recover the integer-
moment FESR,.(V.S). If vy is.aﬁ'odd integér, thé'left-hand side involves

the real part of A - this is a "Gilbert" sum rule. .

(b)vvClassic results

| Ecuations (V.S) or (V.7) relate the loW'éhérgy préperties Qf a
scattering amplitude, expressed as an integral up to v = v1s to the

high energy properties.in terms of Regge.poles (or pefhaps something'moré

complicated). Since the low energy region is often dominated by direct

Named after Walter Gilbert, a well-known molecular biologist.
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ehannel-resenances, while the high energy'behavior is given'by a few
excﬁanges in the crossed channel, _FEsR give fruifful'constraints on‘the
poss1ble parameters used. to describe ‘high energy processes The'classic
work of Logunov, Solov1ev, and Tavkhelldze (1967), Igi and Matsuda
(19672, b), and Dolen, Horn, and Schmld (1967, 1968) does not need to
be deScribed again here. It is sufflclent to dlsplay 1an1g. Ql.the
famous and elegant flgure of Igi: and Matsuda, show1ng the 1ntegrands

on the two 31des of (V 4) for the non- spln flip, cr0551ng odd amplltude
in N scatterlng at t = 0. The resonant, low—energy_contrlbutlon can
be expressedjin terms of the_difference‘of fotal cross sections for r}p
and’ 7tp; while‘the high—energy side is'given»by the eiehangerof av o

Regge pole. _Figure 21 shows that high energy Regge parameters can be

determined (in favorable instances like this one), or -at least constrained,

by'lOW'energy experimental data. It further illustrates an important
aspect Qf_ourbpresent thinking about asymptotic (Regge) behavior, the

idea of semi-local averages. The Regge amplitude, extended all the way

down to v = 0, far belew the energy.where we think of.asymptctic

behavior as setting iﬂ, provides a good_ayerage deseription of the
resonance region. The implicatien here, as.ﬁe will discuss iﬁ Sectidn}3,
is thaf t-channel and s-ehannelbdescriptioﬁs areACOmplementary in some
average sense. This i1s the essence of duality, |

The original applications to er scatterlng demonstrated how
FESR prov1de a beautlful 1ns1ght into the 1nterplay of low energy and

high energypbehav1ors. The maln results are
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(1) fhe 0 trajecﬁory is consistent (although not‘deter-
mined well) with the form déduced by fitting high-energy data.
| (ii) The sum rule for .v»B(_)(v,'t) as a fuﬁctioh"df t
demonstrates cénvincingly that the residue Bé(B)(t) ha§ a linear zero
at t : -0;5'(GéV/c)2, as reéuired<by the Regge pole fits to "x p - +°n
at high energies. =~ v | - '
| (iii) The sum rule for A'(_)(v, t) as'é function ofk t

implieé a ze?oyin the residue 'BD(A)(t)'_at smali.physiéal. t values,:
consistent with the‘inﬁerprgtation of,the.crossepver phenomenonuin' P
and n+p elastic scattering as being the resﬁlt‘of:a zero in the p
residue of A' at 't :_-Q.é (GeV/c)g.

| (iv) The'magnitudes ofjthe residues deduéedtfrom FESﬁ_are in
reasonably good'agreémentvwith the fange of values used in various -

()

_parameterizations at high energies, with a largé residue for vB

()

compared to that for A’

(c) Further results

_ With the realizatioﬁ that FESR provided poWerful constraints on
high enefgy Regge parameters, theorists struck‘out in all directions  .
~hoping to determine trajectories and residues for ail important Régge'g
poles. Low energy dafa on ntN, Kin, and pion photoproduction were
used with integer-moment FESR and CMSR to learn about the P, P, w,i

A Na; N and A Regge poles in addition to the p. We can only

9)

list a representative'sample:
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+ .
5 deduced from KN elastic

scattering (Matsuda and Igi, 1967) - The residue - of the A, in the

(1) Properties of the A

nonflip amplitude A’(f) shows a parabolic behavior in t with two

zeros in- the interval, 0.2 < Itl < 0.5 (GeV/c)2, while the: A, - residue

2
(+)

in B has one "ghost killing" zero at Q, = 0 and may or may not
. v )
have an additional zero near t = -0.5 (GeV/c)g, depénding on the choice

of pole term COntributions’to'the low—ehergy integral.
(ii). Properties of the A, deduced from pion photoproduction

(Chu and Roy, 1968; Vasavada and Raman, 1968) - The residue of the Al

[

"in the combination (Al(_) - 2m Ah(—)) is found by the first authors

to have a quadratic zero at + ~ -0.5 (GeV/c)E, implying an additional.
factor of a(t) beyohd the single power needed for "ghost-killing."

The . second authors diéagree, finding two distinct zeros in the interval,

0.2 < [t] < 0.6 (GeV/c)g.

(1iii)  Properties of the P' deduced from gxN elastic
scattering (Barger and Phillips, 1968) - The ratio VB<+)/A'(+)’ is

found to be positive and of the order of unity, at least for moderate

|t] values, and the P' residue in A'(+) seems to vanish as

P'
near aP' = 0.

(iv)  Properties of w, P', and A, from KN elastic

scattering (Dass and Michael, 1968a, b) - Integer-moment FESR yield

s

When we refer to residues we mean the B's defined in (V.3), unless

otherwise stated.
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(vB/A') ~ 1-3(w), ~ 1 (P'), ~10 (Ag), disagreeing with some published
Regge pole fits, but yielding the correct sign for -K-p' polarization.

The detailed t-dependences of the various sum rules indicate

(a) 2 (B) (B) (a)

. 2
Bpr ~ a7, Ppr ~ q 5 BA2. ~ a5 B, has a zero at

aﬁ' t ~ -0.15 (GeV/c)E, and so does BQ(B), but vﬁw(B) does not seem to
vanish at o =0 (or else the trajécéory is very flat). |

(v) Properties of the P’ from -N and KN elastic
scattering (Gilman; Harari, and Zarmi, 1968)-With an ansatz concerning
fhe 'P‘ contribﬁtioﬁ.té the FESR (see Section}”beldw), these'authors

deduce the t-dependence of the P' residues of A’(+) and B(+) in

7N and KN» scattering. Their resulfs areishown in_Fig. 22. Note that
their residueévfor the B(+) amplitude differ from those defiﬁed'iﬁ

(V;B) by a factor of «(t). For the A5(+) amplitude it is not clear
whether thevresidue is proportional'to ag- or ﬁo o4 times.anofher

factor which vanishes at t ~ -0.25 (GeV/g)e. For the - B(%) amplitﬁdé thé
7N data, at leést, make a clear statement that, in our notafion, ‘
BP.(B).m Q, not dg._
| (yi) Propérties of N, N and A trajectories from fixedfg'
FESR (Chiu and DerSarkissian, 1968) - The s-channel contributions of

ol reéonances, plus a t-channel contribution from the vp, imply
residues for the Na and A trajectories conéistenf With ﬁhe presencé
of a dip in n+p backward scattering at high energies and no dip in

- v (See Fig. 11). The coupling of the NY trajectory in 1D

scattering is found to be small.
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The reader who has paid attention to the details summarized in

items (i) - (vi) will have noted certain disagreements among the

_ydifferent analyses. For example, the conclusion of Barger .and Phillips

(1968) that the P' trajectory chooses the "no-compensation' mechanism

~at a=20 is contradicted by the results of Gilman, Harari, and Zarmi

(1968). Similarly, the behavior of the residues of the A, near

2

& = O 1is unclear. These disagreements and uncertaiﬁties should not be
allowed to obscure the fact that much is learned from FESR.; The signs: |
and magnitudes of (vB/A'), for example, are of great interest. The

conclusion that - (vB/A") ~ +10 for the A_ supports the concept of

2

exchange degeneracy of the A

, and the p_ (see item (b), (iv) above).

2. What do FEsi% Actually Prove?: A Case Study of
Pién Photoproduction

One of the ﬁost sffiking applicatibns of.finite enefgy sum rules
was the apparent elucidation ofvthe mechanism for the sharp forward
peakiné in charged pion photoproduction. The data are summariied by
Richter (1968) at Vienna and by Lohrmann (1969).here at Iund. Since the
exchange of a Regge pion alone leads to a zero in the cross section at
t = 0, Ball, Frazer, and Jacob (1968) and Henyey (1968) introduced a.
conspiring trajectory, corresponding to a parity-doublet partner ofvthe

pilon, in order to fit the data. Such a conspiracy was well received in

* ] _ .
"See Table 3 of Bertocchi (1967) for an explanation of these terms.
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some Quarters because of the implication of-a Lorentz pole assignment

of M=1 for the pion. We have already discussed some»éf the diffi-

v ‘ : ¥

culties with thié assignment in Section 111, i. But at the time these
difficulties were unforseen. Strong independent support_for.this‘pion
conspiracy came from fhe-applicationiof FESR‘(Biétti‘eﬁﬂaii,‘1968; ﬁoy
‘and Chu, 1968) and then CMSR (DiVecchia et al., 1968a, b; Ramen and

v Vasavada,vl968) to determine the residues and trajéctories of the pion -
and its conspifator from the ldW-energy dété. With the assumption'thaf_
the small .t regibn ié‘dominated at‘high energies by the pioh’(fdr
uﬁnatﬁrél parity exchanges) and the C6nspirat§r.(for natural parity
exchanges),'thé.sum ruies can be used tdldedﬁcé aﬂ(ﬂ), Bﬂ(t); '
Occ(t), ‘Bc(t). ‘The results showed that Bﬂ(o) ;é'o aﬁ_d tﬁat |
BH(O)/BC(O) had the value required by the conspiracy relation, All this
was a happy.conjunction of concepts from different parts of high energy
theory.

As the difficulties discussed inlséctioanII, 1 became known,.-
thé FESR and CMSR results began to be quoted as the only convincing
proof of the. M = 1 assignment férvthe pion. Indeed, everywhere in o
peripheral processes where pioﬁ eXchange appears to dominaté,the |
absorptive-model gives a good fit to cross sections énd density matri% 
elements at émall [tf. This implies that an eyasive (ordinary) pion,
with accompanying n-P generated cuts, is a more reasonable and>plausible
model than a pion copspiracy.

Then what aboﬁﬁ the FESR results on the conspiracy? it is

perhaps obvious to the reader that FESR cannot really distinguish amoné
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différent models. Equations (V.Lh) and (V.6) contain the analyticity of
fixed-t dispersioﬁ relations and thé éssumption-of asymptoticbbéhavior,
but they become (v.5) or (VQ?) only when it.is éssuméd fhat the ésymptotic
behavior is given by a sum of Regge poles. For charged pion photo—
production an explicit demonstration has been glven of the lack of
discriminatory power of FESR or CMSR-(Jackson and Quigg, 1969).. It has
been known.to some for & long time (see>Hérari, 1967,'p.'55§) that at
t =0, at ieast, the Born term so dominates the forWard dispersion
relation that little can be learned‘about the mechanism responsible fbf
the high enérgy Cross secfion. Névertheless,.it is’é uséful exércise
to construct explicitly a model which simultaneously fits the high-
energy data at small ]tl ~and also satisfies the finite ehergy éum
rules, but does not involve a parity-doﬁblet”pion.conspiracy. The
model involves evasive pion and 'A2 polés?‘moaified by.ébsorptive
corrections according to Eq. (IV.27). The forward peak'reéults'from.
destructive interference between a Regge cut amplitude and the_pion
pole contribution which is proportional to .t for smail t. Once the.
“high-energy fit has been accomplished, the rlght-hand sides of the FESR:
or CMSR can be compared with the integrals over the lowaenergy reglon
The comparison 1s shown in Fig. 23, where the sqlid,curves are the low#j
energy integrais <er_ n=0 in (V.5) or v =0 in (V.7)> and th%
dashed curves are from the model with poles plus absorptive cuts;- For -
lt] < O.Ilv(GeV/c')2 the agreement is satisfactory. In particular, a£ 
t.= O the proper conspiracy relationship Qécufs, Eut this time becauéef

of "conspiriqg" cuts, not poles.
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The dots and open circles in Fig. 23aré'indicative of an interesting

result of the construction of the model. One can show that, for a large

class of models of.pion pﬁotoﬁroduction invoiVing péies3énd cuts, the
fight-haﬁd side of (V.h) or>(V.6) with n = 0 is éﬁpfbximatély equdliv
to (;nvl/Z)Ré A(vl, t) where A(vi;-t) is the appfopriate“high;
energy amplitude; evaluatea at v = Viﬂ The agreement of:thé dots‘with
the dashed cUrQes in Fig. 25 demonstrates this for thé pérticular ﬁodéi
in qﬁestion. ;The.empiricaliobservation that‘”(dd/dt) is closely -

proportional'to .s-2 implieé‘thatvall the amplitudes are essentially-

_ real'at_high energies‘(Phragméh—Lindeloff’thebrem); 'Cdnsequently the -

high-energy cross section is given almost entirely by £he squafes of
the real parts of thé amplitudes, and, becausé of the connection Jjust
discussed, theée are givén by the lowthergy_sum fule'integrals. -Thiév'
aliéws‘the cénstrucfion of a “pseudomodei" in which thé cross sectioné:;

for bvoth ﬁnpolarized and linéarly polarized photons can ‘be expressed

-directly in terms of the sum rule integrals over the low-energy regioﬁ,

without.the necessity of any explicit model for the higﬁ enefgy Eehavior;
The good agreement of this ”pseudomodel" with existing data for |
[tl.<'0.h (GeV/c)? is a very satisfactory example of the power of
analyticity. At the same time it demonstrates clearly the limitatiqné L
of FESR. Basically it reduces tofthis: One muét know or aséume what'
the model is at high energies. Then FESR can heip detérmiﬁe parameterS'
‘iﬁside the framework of that model, but tﬁey are unlikely to be able to

discriminate between différent models.
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%, Duality andbits Evolution

ia) Slmple duality and’ Schmld c1rcles' ’

It has already been observed, in connectlon ‘with Flg 21 ‘that
alRegge amplitude, when extrapolated into-the'IOW'energy region,
provides an average"descripfion of the true amplitude. ,This implies o
that, at least in some average sense, the s channel resonances are the
t-channel Regge exchanges, and vice versa. This is duallty in its
simplest and'vaguestvform. Snpport for the 1dea comes frompthe detailed
benavior in t of the o- Reggegresiduespano.the properties of the - |
vdominant sfchannelpresonances in pnN_ charge exchanéeb(Dolen, Horn, S
 and Schmid, 1968).,'The:contributions ofithe majoriresonances harerzeros
at t ~ -o,e'(éev/c)g"in A () ana at’ t ~ -0.5 (GeV/c)? in 80" )
These zeros at low and medium.energieS'ean'be viewed‘as the cause of :

_ the "cross—over" ZeTro in the p _residue'of. A'(-) and the‘ﬁsense-

(-)

nonsense"” zero in the p: residue of B ‘at high energies.

Further lmpetus to tbe idea of duality was'givenlby Schnid's
_ealculation of the s-channel partial wave projections of:the_ B(-?‘f’:
amplitude given bybpp—exchange (Schmid, 1968). .TneSe calculabions gave
resonance-like circles on the Argand diagran, with the energies at the
" tops of the circies‘correlating remarkably well with the positions of
known N 'resonances‘ Somehow the smooth‘Regge amplitude contains the
vs—channel resonaneeS! Much has been publlshed on the 1nterpretatlon of.
the Sehmid ciroles Harari (l968b) dlscusses most of the work in his L

Vienna report " Schmid hlmself glves a rebuttal to his crltlcs (Schmld

1969b). I mention only two further papers (Chlu and Kotanskl, 1969,
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Sertério and Wang, 1969) that illustrate the limitations. of the idea.

'_ The circles on the Argand diagrams are caused mainly by fhé changing
“ina(t) o

"phasev e in the gignature factor, but theirvdétailed propertigé _
(?ésitions:of the "resdnaﬁces", etc.) depend crucially on what is | |
assuﬁed about thevt-depepdence of the residues, relativé signé of
-different Regge te%ms, etc. The‘géneral conclusion is that Schmia-wdsv
luckyvand that the best that can be.hopéd fér at present is semi;
quanﬁitative'agreement, both for the location of‘resonanqesvahd'for fhé
behavior of the fuli.amplitude'at low_energies;‘ | '

| The idea of dUality-runS'couﬁter to,thelaSSumpﬁions df:the o
interference model (Barger and Cline, 1967)7in which'the'amplitude'isii
built up from direct channei resdnanéeé, plus  t- or ﬁfchannel Réggé
pole contributions. _A controversy canlﬁebtraced in thé literaturelonf
whether or not the interférence model involves sérious_"déuﬁle counting”
(Durand, 1968;.Dolen,_Horn, Schmid, 1968; Chiu.and Stirling, 1968; |
‘Barger and Durand, 1968; Donnachie and Kirsopp; 1969); It is not ?rofit; .
éble for us to éo into the details here. ,Most; if'ﬁot all, of.the | |
controversy stems from tﬁe latitude available in dividing an.émplitude
info "resonances" and "background." This'is_particuiarly relevant for
the special’treatment of Pomeranchon ekchange, discussed in paragraph

(¢) below.

(b) Exchange degeneracy and the presence or absence of resonances
It is well known in potential scaftefing that the presence of -
Majorana exchange. forces causes the force to be different in even - £

and odd £ states, giving rise to two distinct families of bound states
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or reéoﬁanées. Conversely, the absence of exéhange forceé implies that
states with evén and odd £ values can be treated together. In the
ianguage of Regge polés this means that trajectories will be exchange
degenerateg with even and odd signature boles (e.g., A2 -and o) reglly
being one Regge pole; In particlé physics the mechanism ié'essentially
the same. .ansider a two-parﬁicle4£9-tWofparticle'procéss'like_

K'p K p. This reaction can be viewed aitérnatively in other channels.

“The threé possibilities are called s-channel, t?channel, and u—chahnel,

and for our example are

5 .: K'p —aK;p

t : KK —pp
u o K+pi—>K+p'

For physical values of the energy in each channel, the other.channels
can be viewed as providing the ordinary and exchange'forces via

resonant intermediate states. It is assumed that if there are no

.

" resonances in a given channel the corresponding force is weak. The

absence of»resonances in the u-channel above means that the forces
governing the scattering in the t-channel are predominantly ordinary
forces. Any resonances formed in the KX .or' NN system will therefore .

be exchange degenerate} Of course, our argument'is incomplete because

“the B =0 system involves many coupled channels, but consideration of

nucleon-nucleon scattering leads to the same conclusion since there are

no resonances in the NN system. The above argument for exchange

degeneracy of mesonic Regge trajectories was first given by Arnold
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(1965).' It leads, when coupled with tﬁe idea of dudlity, to a‘remark—
ably coherént.qualitative-undersfanding'of the implicatibns of the }v ‘
presence or abseﬁée,of résoﬁances for high énergy amplifudes.A:
| In Fig. 2h>are éhown the total cross seétionsff6r Kgp and

VK+p :inferacﬁibns as a functioﬁ of v. The pfesénée.of numéroué
resénances ih the s-cﬁannel and‘the remérkable absgﬁcé of structure in
N thé u-channel are clearly.visible. How_does exchange dégeﬁerécy bearf.'
- on this behavior? At high energies the elastic amplitude for Kp /ié_-

"~ customarily described in terms of five Regge poles,.

‘A(K‘p)_ = P+ P +uw-+ A2 +p ',

; where the trajectory symbol stands for the complex amplitude of that

Regge pole. For the'érossedvréaCtion, K+p' elastic scattering, the -
: | ' - ' ' -
odd-signatured amplitudes change sign

o . | v
A(K+p) = P+P =-w+ A2 -p .
! .
The concept of exchange_degeheracy groups the P' (not the P) with
3

part, as evidenced by resonances at low and medium energies, goes along

the o and the A, with the o. Duality imbliesvthat an‘imaginary
with an imaginary part at high energies. "Hence in K'p and K™n thé
imaginary parts of the P' and w (and also those of A2 and p)

must add, while in K+p they-can¢el. The K+p amplitude at high
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ehergies:is thué expéctéd fo be predominahtiy réal,* apart.from the
Pomefaﬁchon_contribution; The amplitﬁdes for'fhe charge exchange process,
K+n ~'>K_O£), wili be mainly reél. For K-p':proceséés, bﬁ thé other hand,
orie eXﬁects at high energies complex amplitgdes with t-dependent phases.
.Similaf arguﬁénts on bﬁnb aﬁd P scétteriné, and thé absence

of resonances in the n*x* dr_ atot chénnél;'léad to exchange degen-
eracy'betwéeh thev P’ aﬁd 0 aﬁd the @i and AE' We therefore have
apprbxiﬁate exchange degeperacy‘émong all four frajectorieé, P, w,
Ag, p. The dééhed curve oﬁ the right side of Fig. 2k is a rouéh repre-
%éntation, 17 + l6(v-mk)'%mb,;of the aVerage' Kfp' eross sectidn and

is consistent with thevidea of a common intercept of «(0) ~ 2 for all
four trajectbriés.j Better evidence comes from K™p ~K’n vat high
eﬁergies . ekchange degeneracy and a(0) = 3 imply that do/dt(0°)

is given by the.optical.theOrem*yalue, a result in agreement with
eXpériment.ffom 5 to 16 GeV/c (see Fig. 12-A13% of Van Hove, 1966b). Féf
_ K+p elastic scattering at t = O we exﬁect a largelynimaginary contfi;
bution from the Pomeranchon and a real contribution from the other
trajectories. This is cqnsistent with thé»dafa from 4 to 16 GeV/c,
‘summarized by‘Chien et al. (1969), where the observed dq/d£(0°) is

25-30

RSN

larger than the optical theorem value.

*

The imaginary part is zero because Ofvthe absence of resonances, but
the real part is not zero because in a dispersion‘relation sense the
K'p amplitude (on the left in Fig. 24) receives contributions from v

the distant K™p resonances (on the right in Fig. 2L).
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The assumption of exchange degeneracy for the mesons correlates
well with the pfesence or absence of resonances in the direct channel,
and via factorization arguments predicts the decoupling of f'(1515)
from pions and of ¢. from .np, iniagreement with experiment (and SU(3)
magic mixing angles) (Cgiu and Finkelstein, 1968c). Tt should also be
noted that the absence of resonances in K%p implies exchange degeneracy,
not only of the mesons, but also of the Y* baryons in the u-channel.
Such degeneracy has potential for the determination of. d/f ratios,
“partial widths; etc., but the complexity of the v spectrum makes
conclusions difficult (Schmid, 1969a; Capps, 1969). But all this is
Lipkinjs territory.

Of more relevance to models for high-energy processes_is the
discussion of exchange degeneracy and dips in cross'sectiqns at wrong-
signature, nonsense points by Finkelstein (1969). We remarked in
Section IV, 4(c) that the traditional explanation of the dip in the
cross section for n'pv—anon at t ~ -0.5 (GeV/c)2 is put in jeopardy
by the presence of fixed_poles at wrong-signature, nonsense values of
J and the consequent sinéular residues (Jones and Teplitz, 1967;

Mandelstam and Wang, 1967). Finkelstein points out that, independently



- of théée considerations,* - exchange degeneracy assures the presence of -
the dips. ‘Briefly the argument isvas follbws. Consider ﬂ+ﬂ+ elastic

':scattering-with exchaﬁge-degenerate P'" and p trajectories in_the
t?channei. ‘The absepce of direct channel resonances means that the
’amplitude.of P' +p is:real. At a nonsense point such as _a = =2,

vthe  ?" émplitude is real bécause >a - -2 is a right-signature poiht,
but the. o amplitude_iévpurely imaéinary. Since the sum is real, the
o ‘contribution must vanish at «a = -2; Now consider x s —>n°no- whérg
'oniy the . p enters. The o  coupling is tﬁe samelas beforé, apart from
. ‘ : i , :
.iSOSpin factors, and consequently leaés to a_Vanishing‘of'the amplitude
for charge ekchange at « ¥'-2. Theggame kindvéf arguments, along with
faétoriéation, estabiish.that the o dontributions‘to.both A'(') “and

| B(‘) in g‘p'fanon vanish gt»'ap = O.f The empirical fact that the”

cross section does not vanish at t ~ =0.5 (GeV/c)g, but only shows a

dip, argues for’other céntributions, e.g., Regge éufs, as does the

existence of polarization.: Neverthelesé, the successes of duality‘and

,éxchange degéneracy lead me to conclude that, no matter how important .

,The indepgﬁdence of Finkelstéin's argument is not completely clear.

_.Matsuda:(l969); in his discussion of.FESR and bootstraﬁs, Ciaims to
show thattexchénge degeneracy"implies the abseﬁce of thé third double
sbectral fuﬁﬁtion (which led to the fixed pole; at wrong-signature
nonsense points), and vice versa. 'ih‘any evenf, approiimate exchange
degenéracy seems to permit féstoration Qf the.simple—minded dip

mechanism.
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cuts are in the detailed interpretation of experiment, the basic Regge
- pole amplitudes possesé, at least approximately, the sepsé-nqnsense and
other factors_t?aditionally expected of them. I thus believe that the
dip in xp - «°n is probably caused by the presence of a factor of

a (t) in the B(-) amplitude, not by the cancellation between a pole

p(
contribution and a cut contribution, as advocated by Henyey et al.

(1968), and shown schematically in Fig. 19.

(c) The special role of the Pomeranchon Regge pole

At‘the beginning of Section IV, 2(c), we commenfed on the
pecularities,of the Pomeranchon trajectory in high energy scattering.
Ih fihite energy sum rules it also occupies a special position. It was
first observed by Freund (1968), in discussing the FESR bootstrap for
‘nx scattering, fhat the narrow resonance approximation works for the
= 1 amplitude, but fails for the I

I = O amplitude, because of the

t t

presence of the P in addition to the P'(f°). He suggested associating
the P contribution with the background, and identifying the s~channel

resonant contributions to the sum rule for the I, = O amplitude with

t
the P' trajectory. Soon after, Harari (1968a) made ;the conjecture
that for all processes the normal Regge trajectories (P', p, w, Aej
are associated in the sense of FESR and duality with the direct phannél
resonances alone, and that the Pomeranchon is associated with only the
background. The two sides of Fig. 24 graphically‘illustratevthis idea.

It appears strikingly obvious that the Pomeranchon contribution is

present for both K+p and K-p, but that K p has resonant
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.;contributions superimposed. The almost exaét éonstancy with énergy'of
the total cross sections for K+p, K+n; pp, and hp follow directly from
Harari's hypothesis, as does the approach from above tbwards'constancy“
at s —- o of the total cross sections fof K_p "and other channels
possessing resonances ét'low energy. Exchange degenerécy also emérges,
as is obvious from our previous arguments in Section (B).

Gilman, Hérari, and Zarmi- (1968), and more reééntly‘Hafari and
Zarmi (1969), have analyzed the P and P’ Regge polésxin N and
KN elastic scattering. The FESR for thé'backgrbuhd do not serve to
determine the P trajectory accurately. But'if o (0) =1 1is assumed,
the caiculated‘residue BP(O) agfees‘Quite'well wifh the valueé from
high-energy fits. The fesﬁlts of Gilman, Harari, and Zarmi for the P’
residﬁesvare shown ig Fig. 22 and have alfeady Eeeh discussed.

Just as'with dualify and the intérferencé model, questions have.
been raised abbut the division of the low energy amplitude into resonances
~and background and whether the s-channel backgrdund doés generatg thé
Pomeranchon pole in.the t-channel (Dance and Shaw, 1968; Donnachie and
Kirsopp, 1969). The argument revolvés around how oné parameterizes the
resonances, especially how large one allows the high-energy tails of the
resonances to be. HEvidence in support of the Harari ide€a comes from

‘the phase shift analyses of N séattering. By4means ofvthe isospin
crossing matrix we can.construct"iinéar comﬁinations of‘s-channei
partial wave amplitudes that-éorrespOndvto‘ I =0 and T =1 in.the

t-channel. These combinations are



11 1/2 . 3/2
£l - g\(fﬁ 5,2

The I, = 1 . amplitude should be accounted for entirely by s-channel

resonances in every partial wave. The I, = 0 amplitude, on the other
hand, should have a smooth, lérgely imaginary, background in addition

to- the s—channel.resonanéesl' This means that I, = 1 partial waves

t

‘should execute -approximate circles centered more or less around the

origin in the Argand diagram, while the I, = O partial waves should

t
show the "circles" displaced by a lafgely imaginary. term which changes;i
slowly from partial wave'td partial wave. TFigure 25 shows the Argand |
diagrams for the first seven partial waves from the phaéé shift

analysis of annachie, Kirsopp, and Lovelace (1968), combinea éccording

to (V.8) into I, =0 énd I, =1 (Harari and Zarmi, l969).v,These 

t t

diagrams show very clearly the presence of something other than reson-

ances in the I, = O combinations.

L, Duality'Diagrams’

The»famifications of duality and the-aﬁsence of ﬁexotic"
resonénces can be codified neatiy by means of dﬁality diagrams (Harari;i
1969;vRosnér, 1969). One assumes that all knowﬁ pafticles and résonaﬁcés
which appeaf as internal as well as well a;vexternai lines have internéi

guantum numvers (Q, I, I., Y, B) given by the simple cuark model in

5

which mesons are (ag) and baryons are (qcg). In drawing a duality
i .
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'_ diagram for a given process,'eéch external.particle is represented by
a iine for each component qﬁark, With q lines running in the,direction
of the ?afticle and ‘a lines running oppositeiy. During thé iﬁteraction
the quark content rearranges itself among tﬁe particles. 1In the diégram,‘
the quark lines, each fetainiﬁg its identity, tracé”out this rearrange-
ment and combine in groups to form the outgoing particles,_ If the
diagram can be drawn so that no lines crbss, the diagfam is said.to be
- planar and exhibits duality in the two channels shown. If the diagram -
contains lines fhat cross,'it is1rmpianar and will possess intermediate
states that are ”exdtic.”‘v?lanar duality diagrams lead to high énefgy
amplitudes with imaginary’parts, while;rmplanar diagrams imply purely
real ampiitudes at high énergies.* | |

Many, if not all, of the”predictioné baéed on duality diagrams
can be"oﬁtained by use of exchange degeneracy,FSU(B), féctofiiafibn,
 etc. It is a matter‘of_tasté %hich’hypothéses one regards as more

fundamental. Because the diagrams make no reference to characteristics

The first use of what amounts to duality diagrams seems to have been‘
made by Imachi et al. (1968) within the context of a Sémi-realistic
Sakatqn (quark) model. Arguing directly from the behavior of the
high-energy data, as in Section B(b)babove,.Imaghi ét al. conclude
fhat what we have'cgllgd-planar dﬁélity diagrams (called H-typé by
them) lead to imagipary parts at high energies, wﬁile nonplahar

diagrams (X-type) give purely real amplitudes.
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such as spih, it is not clear how one goes beyond the impiiéations of -
_the optical theorem at t ;-O. Rosner1(1969) explicitly states that

‘his derivatioﬁ of the diéérams'from su(3) coupliﬁgs applies only fé
tﬁe A'(v, t) amplitude of (07, &) scattering,vand recuires pureiy'
;'f-couplingvof'the Veétér mésons and d-cou?ling sf the tensor mesons to v
the pseudoscalar meéonsvih ordéi to gét connectedness'of thquuark
lines. Harari (1969), on the other hand, says that he,ddés not know

how to inélﬁdé spin effects quéntitatively; Neverthéless, he makes
prediction; about polarizations, implying that the diagrams shodld
dpply.td all helicity é;plitudes for a giﬁen ?roceSs.

'TWO'examples will illustrate the use and limitations of dualit?
diaérams in their.ﬁresentvform;‘ For each exampléiwe alsg give arguments .
based on exchange‘degenerécy and factorizatioq-in order té'compare ) |
assumptions and predictiéns. The first reaction is backwérd n-pv—>KoA,
fpr which the experimentél cross section and polarization afe shown in
Fig; 12 along with a Regée fit. The schematic Reggé exéhange‘diagram
and the dﬁélity_diagram are given in the top half of Fig. 26. The
lower case letters (p, n, A) denote the ﬁhree quafks; .The auality
diagram ié a planar one for s-u duaiity. The implication is thus
that the s-channel resonaﬁces give an imaginary part to the u-channel
Regge exchange amplitude at high energies. This is éonsisfent with the
ggistencefof appreciable polafization of the A, as seenvin Fig. 12, but
does‘not'require it. Fromvthé point of view of ezchange degeneraCy and
faqtorizétion, we do not:expect the xA - Zi vertex to satisfy any

particular exchange degeneracy requirement because xA - nA has.
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 resonances in all three channels. There is thus no expectation of a

common overall phase for the A and B amplitudes in xp —aKOA, and

every expectation of polafization at high energies. The exchangé

1vdégeneracy of the Li trajectories, assumed by Barger, Cline, and

Matos (1969), is viewed here as an accident. In any event, their
residue functions are far from exchange degenerate.

The second example is the polarization of the A in’ Kn — 1 A

at forward angles. The relevant diagrams are shown in the bottom half

of Fig. 26. The Regge exchanges are the X (890) and K (1420). The

duality diagram is a nonplanarvone and implies'that the amplitude for

- %
- Kn —x"A 1is purely real at high energies. - If we adopt Harari's

viewpoint that both A' and B are real, then we expect no polariia—
tion at high energies. Unfortunately, experiments at 3 and 4.5 GeV/c
show a large positive polarization of the A over a wide range of.

|| (Barloutaud.et al., 19693 Yen et al., 1969).. There are at least two

ways out - only the A' amplitude is related to duality diagrams; 3

and 4.5 GeV/c are not high enough energies (unlikely!).
- Now we look at this reaction with exchange degeneraCy'and

factorization arguments. The extreme left-hand vertex in Fig. 27(b)

This prdcess is. Jjust one of many in which the transfer of a A
quérk from an initial meson to a final‘barYOn inevitably leads to
the crossing of quark lines, e.g., K_pv—;ﬂ'2+, K™D —wh. See.

Table IV of Imachi et al. (1968) and Harari (1969).
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presumably satisfies the requirements of éxchange degeneracy because
there are no I = 3/2 resonances in Kp scattering. For the'otherv
vertex (va—aKi*), théAsfandard arguménf of Arnold (1965) on antibaryon-
baryon scattering and no B =2 resohances leads to the expectation of
éichaﬁge-dégeneraéy for‘fhis vertex, too. Then we are left-with,the

same résﬁlt as Harari. But it is péssibié thét argumeﬁts on exchange
degeneracy involving antibaryon-baryon scattering are sﬁSpecf.v The

duality diagrams for such processes always involve more‘quarks in the

t

- intermediate states than (qq) or (qqq),vevenvif-lines do not cross.
(See Lipkin (1969) for a discussion of these points.) .If one ¢Qnsideré
dniy duality fér mesoﬁ;méson and meson-baryon. scatterings, it is
impossible to deduce anything about the »K*(890) AN couplings relative
to the,,K*(lh20) AN couplings without further assumptions, e.g. d/f
rétios for the vector and tensor mesons. ‘We do have the evidence from

FESR of the approximate exchange degeneracy of the (p, A and (w, P')

5)
residues (Section 1(c)(iv) above) to argue for (K*(890), K*(lMEO))

exchange degeneracy by SU(3) analogy. The data ‘ quoted above

seem to say that this is not true.

5. Duality, The Deck Effect, and Mnltiperipheralism
The production of a low mass enhaﬁcement in the =p syétem in -
the reéction an—anpN by means of a double peripheral mechanism, o
known as the Deck effect, has made difficult the‘analyéis of the Al

and A2 mesons and has occasionally cast doubt on the very existence of

the Al. Chew and Pignotti (1968a), who coined the name "duality",
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observed that this concept makes empty'a‘discussibn of whether
there is an Al or Just an enhancement by some peripheral. mechanism.
Resonances generate and are gerierated by periphéral exchanges. . The -
Regge (or elémentary) pion exChange amplitudévis the appropriate high-
eﬁergy description of the np system; “When extended dbwn to threﬁhold
it provides an average déscription;of that mass regidn. If'the smooth
average»is iarge at low mass, duality requires the existence.of
resonénces. |

There is an interesting poinf hére'ih‘éonnection‘with dﬁality’
and pion exchange'(privateucommunication fromlE‘ L. Bergéf,'G. F. Chew,
and G. Ranft)}. The Schmid_circles that correSpoﬁd to resoﬁances'are

—lﬁa<t) in the signature.

generatéd mainly by the changing phase e
For pion exchange, however, the immediate proximity.of thé‘pion pole‘to
the physical region hean; tﬁatvthe partial wave projections come from:
the‘very:Small t region and. the phase does nét éhange appreciably.
The ampiitude.is maiﬁly‘real wherebit matters. This could imply that
the A, énd‘similar‘objeétsv(e.g., L meson) 'génefated by pion
exchange dnd having zere orbital angular momentum»are less fu;Ly.dgyeleped
aé resonances than objects like the p or the £, -‘They cculd‘
'conceivably be "virtual bound stafesf, that is, boles on the real
énergy axis of fhe unphysical sheet, below thfeShdld.:"'

CheW‘and Pignotti make andfher point of interest to theorists =
who wiéh to calculate the gross prépertiesVof mulfiparticle.pfoceSses,

or Who are interested in the effects via unitarity of multiparticle

channels on elastic scattering. One of the concerhs in the use of Regge
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~ exchanges in multiperipheral models is their 1é¢k of validity for small
sub-energies whére.there”are known fesonahces.__Duality assures that
the Regge exchénge :épresénts the low eﬁergy béha&ior;‘at leasﬁ'ip an

. . average sense, and makes it uﬁnecessary_even tovinquire into the details
Of.the.usuélly messy lbﬁ,masé ?egions. Dﬁalit&_does evéh”bettgi-than

'.ihat. If the péripheral Deck'diagraﬁ for fhe; o éyétem7can_givé an -
ygverggg dgscription of the Al, Aé, ‘;’ ;egiOn, theﬁ'in the same way
a peiiﬁherailinkfbetweéﬁ_the fwo pions-in.the -p. cén give_gn averagé
déscription of]that résbﬁance'and its rééu;rences} ‘Thus, if onlyiaVéragé
_effects afe relevant, a coﬁﬁiicated n-pafticie final state involviné'. |
numerbus'heﬁyy,résonancés éan be-replacéd'by a multiperiphergl Regge
exchange diagram ih&éivihg oniy the iightesﬁxpafticles.in.tﬁe finél}“

~ state, as indicate§ in Fig. 27 for_a relativgly simﬁle example. This

alléws an énormdus-éiﬁplificafion in éalcﬁlation of multipartiéie )

effects.



_85_

VI. VENBZIANO MODELS
The single.most striking development in highvenergy thedry in
' the past year is the‘creétion of Veneziano models. With hints gleaned
from hié participatibh inbextenéive work on a FESR.bootstrap of nw — W
(Adémollo et al., 1968), Veneziano (1968) wrote down é relatively simpie
closed form (Euler's beta function') for the invariant amplitude for |
nn — nw. The remarkable propefties of this amplitudé include.possession
of resonances at low energy in eVery channel, Regge behavior at‘higﬁ
. energies, duality, and‘crossingvsymmetry. Deépite_somg limitations to
be mehtioned below, Veneziano's amplituae.answered SO many prayers that
there has been veritable explosion of papers on the_Subject, with
generalizations-and modifications in'everyvconéeivable direction.
Cleérly a propér review cannot bé made of»such a rapidly developing -
_subject. I can:only*discusS some of the basic ideas and cqmment on éome
of the directionsvbeiqg explored.' Héré‘again Ivam;fortunatevin being
able to refer the reader to Jacob's paper at Schladming (Jacob, 1969),
and also to:the thoroﬁgh ﬁnpﬁblished notes of Yellin_(l968, l96§a) and

sivers and Yellin (1969a);

1. Pionrpioh'Scatterihg
While the reaction an - nw, cOnsideréd by Veneziaﬁo,'has‘the
considerable advantage of‘being purely I = 1. and‘identical in all
"three chanﬁels,’it suffers from being:difficult to study experimentally.
~and ﬁf having the slight complication of spin (of the ). Of more

immediate interest is pion-pion_scattering where some of the prediétidns:
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Veneziano model can be compared with expefiméﬁt.. The 5 — wn Pproblem
“has been discussed by Shapiro and Yellin (;968),.Lovelace (1968), shapiro
(1969), Kawarabayashi, Kitakado, and Yubuki (1969), Yéllini(1969b), and

Sivers and Yellin (1969Db).

(a) Resonances and Regge behavior

When Bose statistics, isospin conservation, and crossing

symmetry are taken into account, the s-channel isospin amplitudes can

be written

AQs - % [F(s, t) +‘F(s,'ﬁ)]. - %'Fkt; u)
A% - B(s, ) -F(s,w) ()
8 = w(e, )

wherev F(t; u) is’syﬁmeﬁfié in t and.vu. The.presence bf‘only e&en.
£ values in »AO ‘and A2,‘and énly odd:.ﬂ Values in Al; is‘évident
_frdm the symmetry Q£ antisymﬁetry in t and ﬁ. .If there are to bel
no I =2 resonaﬁces, .F(t,:u) must not possess poles for positive s,
but iﬁ can .and will possess poles in t. and u, corresponding to
I=0 and I =1 ‘resonances in the t- and u—channels.*

If exchange dégenerecy is assumed; all fhe resonances lie on oné -
trajectory which is the sam; fof all channels. One further assumes thatl
the tréjectory is linear and entirely real (at least at low energies).

- The resonances are thus approximated by poles on the real axis! This is

In all of this the Pomeranchon is ignored, in conformity with the Freund-

Harari hypothesis described in Section V,B(c), above.
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calledjthe zero-width approximation, and is at odds with the requirementsv

Qf‘unifarity. The Veneziano ansatz for F(s, t) is

| (s, t) = £ D2 o(s)) £ - a(t)) + (m éri)
’ T P(# +n+p - a(s) - a(t)) _

2

4.](v1.2§ 

~ chosen 'so that the amplitude does not possess double poles, and

a(s) = a + bs is the real linear trajectory. - The ratio of gamma

functions in (VI.2) can be written as a polynomial (in the numerator or

!
‘ Lo s ‘o . .
denominator) times a beta function, and is a trivial generalization of

-Veneziano's use of the beta fUnctioniifself. Inspection of (Vi.2) shows

that when o(s) =N (N a positive integer). F(s, t) has a simple pole

in s with a residue that is a real polynomial in (t) of degree N

at most, provided  -n  p < 0. Since oaft) is linear in t and t is

'linear in cog,@s,’this real polynomial corresponds 0 résdnant pértial

" ‘waves in the s—channél.with. L < N. fhevresonant contenﬁ_of.(VI.Q) is

| fhefefore as shown in Fig. 28. -The trajectory__d(s) ié the leading Regge
trajectory with eqUally;spaced (in M2) resonémcesi having .L = N.

Accompanying each of these resonances are N other simultaneously

resonant partial waves with O < L < N. These secondary resonahces]are

loosely called daughters, even though they occur in an equal mass problem

'wheré daughters of the Freedmén—Wang variety decouple.

In the gx-xn proﬁlem the requirement of no resonance aﬁ'

a(s) = O and a p-wave resonance at a(s) = 1 restricts the integers
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in (VI.2) to n = -p = 1. TFor simplicity we will also put m = 1. It
should be rememberéd, ﬁowe&er; thatvsumé of te?@s like (VI.2) can be
‘used, giving greatrflexibility (and arbitrariness)’iﬁ the properties of
the daughter trajecforiés.* For our pufposes then, we consider aé |

typical the amplitude, appropriate for gty  elastic scattering,

' r(x - a(s)) r(1 - a(t)) | T

t) = -8 s . .
F(s, t) 7 T(1 - als) - alt)) : _ \VI 3)

The symmetry in s and t 'means that there is a spectrum of resonances

of the form indicated in Fig. 28 in both the s- and the t-channels,

but no resonancés in the u-channel. The asymptotic behavior of (VI.3)

can be inferred from

| Tim- '%%%—E}%% ; .(X)a-b ‘(Igrg x|5< .  ‘ - (VIL%)

For large s and fixed t +this implies the asymptotic form,

o _-a(t) 8 [-a(s) M)
= r(a(t) + 1) sin nat) ~

F(s, t) - (VI.5)
S > o ) .
t fixed

See, for example, Mande}stam(l968b) for a model with trajectories

spaced by two units in angular momentum.
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iprovided we stay away from the real éxis in s.* Equation‘(VI.5)‘has
‘been writteﬁ in standard Regge highfenergy form in order to disélay more
clearly sevefal featureé. The first is the power-law behaviéf,- sa(t),.
. The second is the spécificétion Qf the scale parameter S, in
(s/so)a(t) as the reciprocal of the slope of the trajectory. The third
;featﬁre is the presence in F(s,:t) of the phaée.,e_iﬁa(?),‘as
;expected'from duality arguments. A final aspeqt is the factor of «a(t)
in the.numerator. /This_is the "ghost—ﬁilling":factor that eliminateé

a particle of spin-périty O+‘ from-the leading trajectofy, If a(t)v
is the p +trajectory, this scalar particle would occﬁr af negafive t.

To see that the Veneziano construction contains the appropriate

signature factors, consider the I =1 t-channel amplitude,

8" - #(t, ) S F(t, u) . | o (V1.6)

At large s and fixed: t this should go o&er;into the-éﬁandard o-
exchange Régge'amplifude;bThe asymptotic form of the first term in
(VI.6).is given by (VI.5).  For the second.ferm we merely nOfe that,-withV
linear trajectories, afs) + a(t) + a(u) = D, where D = 3a + hbu2

is a constant. For large s and fixed t, o(u) — - a(s). The

There are equally spaéed poles on the real s-axis out to infihity;
This is a flaw of the zero-width approximation. With finite widths
these poles would move off on the unphysical sheet-and result in

smooth behavior above the physical cut at large enough s.
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asymptotic form of (VI.6) is therefore

e-ina(t)

At 5 voz(t)ﬁ.- [l-

& g
r(o(t) + 1) sin no(t) } .[G(S)]a(A). . (vi.7)

S—

t fixed

: This amplitﬁde is the standard p-exchange émplitude with negati?e
signatUre, bﬁt with an addifional factor a(t) that ié present because
of éxéhange degeneracy. Theb I =20 amplitudevin_the t-channel has the
same form as (VI.7), but with the opposite signature and a numerical

coefficient -(-3/2).

riﬁ) Detailed properfiés

We now turn to some of thé subtleties of the-Veneziaho model.‘
The first of'these_is‘the.question of the elastic widths of the res@n—'
.'énces.  For d(s) -~ N the residue of the polé is a polynomial of Nth .
degree ih‘ a(t) and therefore in cos 6, This polynomial can be |
expandedVin'Legendré-polynomials of order L K N. The coefficients of  
each PL(coé @S) is related to the elastic width of the résonances wifﬁ
angﬁlar_momentum L at as) = N. Cthequenfly the relativé Qalues of
the partial widths for décéy into two pions can be detérmined for all
the resonances, éven though the tbtal width of each étate has been takéﬁ

o, o v ' :
to be zero. ‘The results of one such calculation are shown in Fig. 28’&

This is exactly what one does in calculating to lowest order the

decay of an unstable particle, e.g. K - nrn.
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where a reasonable trajectpry was chosen (to giVe the very low energy
ﬁ%ﬂ phase shifts) and the widths are Scaléd'tb an.elastic width of
112 Mev for the p-meson (Shapiro, 1969).

Several things should be noted in this array. The most glaringv
is a negative width for the N _ 2, L= b state. When one thinks
about 1t, 1t is obvious that there,ié no a pfiori reason whj the poly-~
noﬁiél iﬂ cos @t 'Should yield a positivg cgéfficient fbr e&ery  ,
Legendre'polynomial. I have not seen a completely rigofous proof yet,
but it can be shown that if a(0) > O.héé, (for physical pion and p-
meson masses) the L = O widths are all positivev(Shapiro, 1969). For

1 )
large N and L < [N £n NJ? the elastic widths go as

a-1
'CI B N

| bMNF(N, L) ~ TR .exp(-Lg/N 4n W) :, - | (vI.8)

b : ' . i.
where G =2,1,0 for I=0,1,2. TFor L3> [N 4nNJ?, the

behavior of the width is complicated, but it can be shown.to fall

-exponentially towards the value for the leading trajéctory, which can

Dbe exhibited in closed form (Yellin, 1968) and.is asymptotically,

‘ C; B
bMN_r(N, N) - (

“oF e‘(a+hbu2)<§>N . o (v1.9)

For large fixed N, we see that the Widths decrease monotonically from

L =0 to L =DN. Thus thé'positivity of the s-wave widths assures the'
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. - ..:x. N
positivity of all the partial widths. Figure 28 shows the beginnings of
the decrease in widths as N —- o for fixed I and also along the leading

trajectory. In passing, we note that the expressions (VI.8) and (VI.9)

=

imply that the r.m.s. value of L increases with energy as (s #n s)°,
as is appropriate fof'a Reggée diffraction amplitﬁde;

Another'significant aspect of the tabuléted valuesvin Fig. 28 is
“the very.large_width for the I'= 0 s-wave resonance at the position of
the p. This s-wave gq-n Dphase shift ié known to resonaﬁe close to tﬁe
mass of‘the o-meson, but itéiwidtﬁvis akéubject oflgéﬁe controversy (see
Section VITII,l below). One séfious diffiéulty of_tﬁe.Simple Veneziano
formula (VI}3) is the prediction of an I = 1 p-wave reésonance v(p') at
the position of thellfo(1260) ‘with an élastic width roughly equal to
that of the p—meéon. Examination of the center column of Fig. 8, which
"shows the n-ﬁo mass distributién and.Legéndré coéfficients for the
data of Crennell et al. (1968), showévno evidence for a p4wave:résonance
: bétween_thév p- and the g peaks. Estimates bf production indicate thét
if the p' 1is largely elastic it would have been visiblé in the data -
shown in Fig. 8 if its width were greater.thaﬁ roughly 15 MeV'(Shapiro,
1969). The only escape seems to be that its total width is_so large that
it is not seen as a discernable bump in Fig. 8. This does not seem very

plausible.

It has been remarked by Yellin (1969b) that, except for (VI.3), each’
term of the form (VI.2) individually contains an infinite number of

resonances with negative elastic widths.
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The high enérgy,behavior has been exhibited in (VI.5) and (VI.7).
in order to show clearly the inferplay of the résohances and the Regge:
behavior, that is, duality,vwe displéy in_Fig. 29 the Dalitz—Méndéisﬁam
diagram for F(t,u). There are poles in f  aﬁd poles in u. There
éfe also lines of zeros at negative S, arranged:so'that there:éfé'no
double poles simultaneousl&‘in t and u. _The asymptoﬁib béhaviorsfin
%hevsix directiohs are iﬁdicated. Since there are resonances in the
t“ and ﬁ channels, the amplitude for large t and fixéd u, or large
u and fixed t,.has én imaginary ﬁart to its Regée'béhavidr. >For
large s and fixed t or u, 6nvthe other hand, the Regée amplitude is.
real bééauéétthe_s—channel has no resonances. TFor large u or t, and
fixed s, the ampii#ude Vanishes’fasfer than any power because there

are no Regge poles to be exchanged in the s-channel.

(c) Soft pion results

'vAithough'it is somewhat far from models of high eﬁergy processes,
brief mention Should be made of’ the relation.qf the Veneziano model of-
n~x scattering to the low—energy or soft—pion‘results of curfent;
algebra. A remarkable feature of the éimple form, (VI.3), is that
F(0,0) =0 for a =13 and F(4%,0) =0 for a = 3(1 - bub). |
This means that both 'Aos and AES havé’zgros near threshold
(s = hpg, t=u-= O),.provided a': %#v Thislis just the seif-consistehcy‘
.:condition of Adler (1965). Lovelace_(1968)'extrapoiates (ViQE) off the

mass shell in order to conform exactly to Adler's requirements, and then

detérmines the ratio of the I =0 to I =2 'Scattering lengths in
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agiéement with the results of currént aléebraﬂ >Siﬁce the ratio depends
very sensitively onvthe value of a and the literal off-maés-shell
extrapolation.can be qﬁestioned in view of thé‘apprOXimate nature of
(VI.E) as a represéntatidn of reality, it may be best tc be content with
- the self-éonsistency.condition alone. A current algebfd réSﬁlﬁ thatvié
_relativély insensitivé to -a is the'combinatioh>of ééattering lengths,
L = (2ao - 5a2)/6. Weinberé's:result isl L = 0.10/u '(Weinberg; 1966)2
| whii_g (Vi.3) ‘gives L =0.11/p (Shapiro and Yellin, 1968; Shapiro, .
1969). Yéilin (1969b) discusses these results’énd a number of other
aspectsvof:the cdnnéction bétWeen the'Veneziand'mbaél énd thé'aléébra
of chargesland-fihite énefgy sum‘ruiés;

| vaelace-(l968) and_subééquentlyaKawarabayashi,»Kitakado, and
© Yabuki (1969) aﬁd Ademollo, Véneziano, aﬁd Weinberg (1969) appliéd the
self—éonsistency conditionzto.aeduce mass formulas and coupling constaﬁf
.ffatio§ in‘generalvagreemént_with experiment. invparticﬁlaf,vby'considf
ering the.prbCéSs, n+A —>B+C, Ademollo, Veneziano, and Weinberg
sﬁowed that Regge trajectqriéé of opposite parity SequenCes thén can bé‘
connected by pion emissioh (e.g., p and 7, A and N) should havé_
the same slope aﬁd differ in intercept by an ddd half-integer. There
are-sevefal éxamples that ;eem to work.

2. Generalizatidns to n Particleé

. A number of workers:have generélizedrthe Venezianoiﬁodel to mofé

thaq féur external pafticles. The essential idea.for the genéxaliiatibn

to n particles is contained in the 5-point amplitude, found by '
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Bardakci and Ruegg (1968) and Virasoro (1969). To indicate the idea
we first consider the Veneziano model for the L-point function in terms

;of the integral representation of the beta function:

1
B(x, y) - LELIO) o d - A (VI.10)

I‘ix+yi»
. ) 0

In Veneziano's original example, x=1-0a(s), ¥y =1- &(t), but the
essential point is that 'x and y. are related to -a. The beta

- function has simplé poles in x and y .at éero énd the negative
integers, and n§ double poles. in termé of ﬁhe integral représentatioﬂ
these poles develop at the ends of the'range of integratioﬁ. They can. -
be exhibited explicitly by integration by parts.

For the 5-particle amplituae there are fiVe indepehdént kine-
matic invariaﬂts. These can be’chosen‘as the squares of the sum of
adjacent paifs of the L-momenta shown on the left in Fig. jO. The
requiremeﬁts of the generalization are that (i) it ﬁossess regonances
(simple poles) in all possible channels and have croséingvsymmetry;
(ii) it possess simultaneoué poles only in those invariants for which a
suitable Feynman diagram can be drawn, é.g. the right-hand side 5f
Fig. 30 shows a diag?am which cén have simultgnedus pOleé in élé and:
S)y50 (iii).the residues of poleé be finite polynomials in the other
invarianﬁs (so that there will be a leading trajectofy and possibly

daughters), (iv) it possess Regge behavior when one or two subenergies

- become large and the momentum transfers remain fixed.
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The recipe for the amplitude is a multiple integral with as.
mény variables as there are allowed simultaneous poles (two for the
5~particle amplitude) and the integrand consisting of a produét of
factors each of which varies from zero to one on the range of integration,
each raised to the power [—i - a(si)J, there being as many factors as

there are independent subenergies. The 5-particle amplitude is

1 1
‘ ‘ 1 X, Xy X, X X
B5(xlf.x2,x5;?<u,x5) —f dul[ duh %iul lu2 u3 Buu 1_155 ’
0 0 '

(vi.11)

where u, = (1 - uluB) Ug = (1 - uguu), u = (1 - uhul), and

X, = =1 =~ Oz(s.l ). The verification of all the duality properties of

1 ,i+l

a Veneziano-style amplitude is left to the reader in consultation with
the original literature.

For the general n-particle amplitude methods of construction have
been given by Chan (1969), Chan and Tsan (1969), Hopkinson and Plahte
(1969), Goebel and Sakita (1969), and Koba and Nielsen (1969). The
method of Hopkinson and Plahte 1s noteworthy because it is an iterative
construction and may be useful for approximate forms when n 1is large.

_ ‘While the n-particle amplitude is elegant in its manner of
exhibiting duality, it is sufficiently complicated that little in the |
way of application has been made for anything but n =4 (to be discuséed
below). Tor the 5-particle amplitude, Bia¥as and Pokorski (1969) have
studied the high energy behavior of the amplitude in detail, while

Bardakci and Ruegg (1969) have examined processes like KK — mmn  and
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KK -» KKx. Bardakci and Ruegg show that the l4- and 5-particle Veneziano
amplitudes give consistent results, including the standard mixing angles
for w and @, f and f', a universal relation for 2" and 17 meson

-+ -
decays, and pure F coupling for the decay 2 —-10.

3. Attempts at-UnitariZation

The moét immediate difficulty in applying the Veneziano formula
,énd its genefaliZations to ﬁhe real world is fhe'presencevdf‘poles on
thefreal energyvaxis. The zero-width approximation can be emplbyed in
limited regions, for example near thréshold in the - pfoblem.wheré.
the i :IO, 1, 2 phase shifté can be reproduced approximateiy (Shapiro,
1969; Kawarabayashi, Kitakada, and.Yabuki, (1969). If +the energy range -
" spans one or more fesonances,-however, there is>obvious trouble. One
recipe is to gilve the trajectory function os) an imaginary part
(Lovelace, 1968). This generatés resbﬁances with finite total widths,
as desired, but causes'thé amplitudevto possessvresonénces simultaneously
in all partial‘waves (ancestors, as well as daughters!);-something not
desired. Such a procedure is gquite ad hoc. It gives equal tetal widths
to all partial waves that resonate at the same mass. An alternative;‘o
approach to unitarity is to treat the partial wavé~projections of the
Veneziano amplitudé as.the K-matrix. This suggestion,also due to
vaelace, ig in direct analogy with nuélear péégtion théory. Unitafity
is safisfiedvin one channelz but at the expense of crossing symmetry‘

(see also Arbab, 1969, for a related proposal for unitarization).
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Another attack at the problem bf a unitary théory baéed on
Veneziano-like amplitudes has been méde by Kikkawa, Sakita, and
Virasoro (1969). These authors attempt to develop a diagrammatic
approach in which the basic Veneziano amplitude is equivalent to the
lowest order term in the normal Feynman calculus. Details are inappro-
priate at this point. There may, in fact, be very serigus shortcomings to
‘this perturbative approach (Bardacki, Halpern, and Shapiro, 1969).

Still another treétment of unitarization is that of Atkinson
et al. (1969), details of which are to be presented here at Lund. This
is a "nuts and bolts" approach in which the lowest pole or lowest few
poles are replaced by a finite cut on the energy axis, the discontinuity
across the cut satisfying unitarity. The resulting nonlinear equation
is solved by the N/Dk method; While not entirely ad hoec, this method
is 1likely to lead so far from the original Veneziano amplitude as to
| make the starting point forgotten (or forgetable).
The most elegant approach to unitarization of the L-particle

Veneziano amplitude is that of Martin (1969). He smears the Veneziano

amplitude (VI.3) as follows:

1

ew = [ e Hgpmeltizese g

where @(x) 1is a positive function that vanishes at the end points of
integration. Note that the crossing symmetry is preserved. Martin

shows that for a suitable class of functions @(x) the poles on the real
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axis is s or t move off onto the second .sheet, as required. At
high energies, the integral in (VI.lQ) correspond to Eq. (IV.21) with
a particular diSconiinuity function across the cut in the J-plane. The
unitarized amplitude thus shgws power-law behavior modified by logarithf
mic correctidns, as discussed in Section IV, 3, rather than purebpole
behavior.

Cléarly the last word has not beeu said on the creation. of a
unitary replacement for the Veneziano amplitude, but perhaps the first
has. T am personally attractéd tovMartin’s idea, not the least because

it leads to cuts in the J-plane.

L. Applications
The applications of the Veneziano model are legion and growing;'
We givé only a sampling., The applicatibns_to‘pseudoscalar mesonaelastic

scattering have been described above. Some other applications are

(i) n —>nﬂnv (Lovelace, 1968);‘
PP »mrn (Jengo and Remiddi, 1969).
(i1) aN -l (1gi, 1968)5’
KN — KN, KN — KNV (TIgi and Storrow, 1969);
(iii)_ all = gl |  (Wagner, 1969; Roberts ‘and Wagner, 1969);
(iv)  aN - wxll (Bénder and Rothe, 1969).

The annihilation process Eh f>ﬂﬂﬂ‘ can be viewed as the decay
of an isovector pseuddscalar particle of mass EmN ‘into three pions and

" hence describable in terms of the Veneziano amplitudes for qx
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scattering, suitably extrapolatéd in the mass of one of the pions.

Since the Veneziano form, (VI.2) or (VI.3), depends explicitly only on
the linear trajectories, it is natural to assume that the extrapolationi
is done by altering the connections, s + t + u = hug,_ to

s +t+u=2, where I is the sum oflthe actual masées‘involved.

The coefficient B of each term can dépend on the external masses, of
course, but for a single term this represents only a scale change. In

analyzing ﬁh —>n+ﬂ-ﬂ—, Lovelace initially considered'a two-term formula,

! £l - ofs) - a(s)) r@ < als) - alt)
(V1.13)

buﬁ ended up settiﬁg B 0 in hié comparison with experiment. The
coefficient_of B is our standard s-n amplitude (VI.B). The
_éoeffiéiéné Qf T is a "satéllite” term in which the leading tréjectoryv
‘(p, f, --+) 1is suppressed. Lovelace felt compelled to eliminate the
coupling to the p and £ in this annihilation process because of the
apparent absence of an appreciable p signal in‘thé data
(Anninos et al., 1969). |

Figures 31 and 52'show comparisons of somé representative
aspects of the data with Lovelace's model énd with aﬁ alternafive fit
(private communication from E. L. Berger). Both calculations‘use‘

Lovelace's ansatz for the trajectory function

1 .
[a(sj)’ = 0.483 + 0.885 s +'1 O.28(sj - hpz)?]. Lovelace has g = O

p L e I-a()) TG -o(e)) |, , (- o(s) rQ - o()
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' C . * :
in (VI.13), while Berger puts g = -1, v =1.95. Figure 31 is the

mass distribution for the @ = 0 combination of nrey it shows peaking

at the o and f° masses, although in Lovelace's model the peaks are

caused by <the daughters (¢ and p', €'). Figure 32 shows the’ decay
angular distribution for the n+ﬂ‘ .system in the £° masé‘regionf
There are several points to be made in the comparison of the two models

with the data. Firstly it is not surprising that Berger obtains some- .

" what better fits to the various distributions - he has more parameters.

Sétondly the experimental data of Fig. 32 show a sharp forward peak that

‘needs an L =2 contribution, present in Berger's model, but absent

in Lovelace's. A third p01nt is that neither model does very well in
fitting the decay angular distribution in the mass region of the p.v‘
Finally, without entering into questlons of taste, one can\say that .

fhese figures indicate a certain degree of arbitrarihess in the.use of

" sums of_terms'of the general form (VI.2) in fitting data. Considerably

more work needs to be done before we learn how much of the detailed -
pértial wave content of the Veneziano amplitude is really necessary in
fitting n-x distributions in inelastic pfocesses. It is prebably

significant, however, that the liﬁes of zeros shown in Fiv‘ 29 and the

4general increase in the amplitude away from the center of the dlagram

seem to be reflected in the»experlmental data.
The'work of Igi end others on N and KN elastic scettering ‘

is an-ambitious attempt to compare the VenezianOvmodel'with the great

Changes in the coefficient of the imaginafy part of « by 30%  in
either direction can be compensated by changes in the ratio a/r

- without deetroying the fit.
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abundance of data available. Many trajectories are necessary and con-
sequently numeroué beta functions must occur. Theré are ﬁroblemslof
parity doubling here, as in other applications with spin (e.g. Abers
and Teplitz, 1969).

The identification of the partial waves in the Veneziéno ampli-
tude with the K-matrix elements.is the approach used»by Wagner apd
Roberts and Wagner'in fheir treatment of N — xxN. The peripheral
producti;n process involves the scaﬁtering w — nw With one of the
pions virtual. The off-mass-ghell extrapolation is done as.suggested
by Lovelace, with~thevmomentum transfer to the nucleon, A?,'appearing

only in the expression for 4 (bf the nrn scattering):

t = - %'(s - 5“2 Y Lq cos 8)

on qoff

A direct consequence of this assumption is that the off—mass-shéll»
correctioné of the n-x partial wave ampiitudes, while.more or iess
standaﬁd for £ #£ 0, are different from unity for the s-waves and not the
same for I =0 and I = 2. Wagner's paper contains numerous compari-
sons with experiment for both .n_p —>ﬂ_n?p and ln-p —>n+n—n. There

is general agreement>with experiment (after adjustﬁen%_of an arbitrary
form factor in A? .and one other parameier~invthe;uni;arizdtien‘proce-
dure). Evidence is presgnted for the neceésityuof‘the égqe;ficveff-

mass-shell corrections for the s-waves at low m-x masses.
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VII. SOME ASPECTS OF MULTIPERIPHERALISM
- Multiperipheralism has two major aspects - oné is as a modei
for the analyéis of many-particle -(n > 2) final states in high enérgy
collisions and the other is as a model forrthé' 2 —-n -amplitude uséd
in the unifafity equation to generate selchdnsistent Regge‘singulari-
ties for high-energy elanicvamplitudes. " Both ideas date back fo 1962

or 1963, but they have received renewed attention as significant

amounts of data on many—particle'final states began to accumulate.

Present versions of the model involve a chain of Regge‘polé exchanges,
as 1indicated on the right-hand sidé of Fig. 27. The experimental and
theoretical aspects of many-particle final states and the multi-Regge-
exchange model weré treéted in detail by Chan, Czyzewski, Turkot, and
Ratti at the 1968 Cern Conference. In addition, at Vienna Czyzewski
(1968) presented a very complete review, while Chan (1968):summarized'
the salienf features déduged from cdﬁparisoﬁ of the model with experi-
ment. Accordingly, I cpmment only briefly on some of the applications
published ﬁainly in the last year. On the éubject of multiperipher- - -
alism and the generation of éelf—consistent Regge singularities, ﬁy
remarks are aiso brief, partly because Frazer (1968) covered some
aspects at Vienna, partlj because the technical details are difficult,.

and partly because results are just beginning to emerge.

1. Three-body and Quasi-three-body Final States
The simplest multi-Regge process is™ 2 —>5,;indicated iﬁ Fig. 33.

Numerous comparisons between theory and experiment have been made for
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this qonfiguration. Examples of the more reéeﬁt ones are‘listéd beldw.
.Before going into specifics, however, a few Qualitative'observafiohs
are in order. The Regge exchanges; a and ‘b, in Fig. 33 are in
general different trajectories. Let us suppose that the slopes of the
tyajectories are not wiidly different, but that aa(O)'< ab(O). It Fé
not difficult to éhow that the form of the multi-Regge amplitude an@ J
the kinematics are such as to cause the mass distribution Qf particles
3 and 4 to peak near threshold, and the»éorresponding distfibution for
particles 4 and 5 tb be considerably br§ader_and‘pérhaps peak at .
higher maséés. This is. a general efgéct‘- it is, of cOurée, the basis
of the originai éalculatioq of the Déck effect where a =, b =P,
3 = p, A =1n, and 2 = 5. Ranft (1969) has investigated a number of
exampies ih detail, ﬁsing the'dualitj arguments of Chew and Pignotti
. ,(1968) to'justify the use of thé asymptoﬁic Regge form down to thres-
hold (see Section V, 5). Her spécific'examples verify the qualitétive
picture stated above.

If particles 2 and 5varé the same and so are a andv L, the
.possibility arises of using either on-mass-shell elastic scattering:
data or some suitabie off-ma;s-shell extrapolation, instead of the :
Regge -exchange(s) b. This has been done in a numbervof the calcula-
tipns and fits nicgly into the framework of the multi-Regge modei:via
duality.

Table III contains a represenfative sample éf three-bod& and
quasi-three~body final states which have beeﬁ analyzed in terms bf the

double-Regge-exchange model. The configurations and exchanges of
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" Fig. 33 are tabulated. in'some reactions (e.g., K+p —>K+wp) several
diagrams are used; the one listed is then merely an example} The main
features -to emerge from these comparisons are fhat use of a Regge ampli-
tude for the plon enhances the peaking at low masses for the two
particles on eithér side of the pion link, and gives rise to appreciable
modulations in £he Treiman-Yang aﬁgular distributions.- Both features
care in general‘accord with experiment and are not givenvby elementéry
pion exchange. The reader is.referred to the references for the

numerous mass plots and angular correlations for each reaction.

2. TFour Bodies and More in fhe Final State

.The work of Chan and his collaborators at CERN on comparison
of the multi-Regge-exchange modgl with Vvarious experiments has resulted
in & long se?ies of papers. I mention only the applications to
. (n - 1)x and ‘EN — A {(n - 1)x by Chan, Loskiewicz, and.
Allison (1968), to pp R bvaanff (1968), and the iﬁcéfporé-
tion Qf'lbW'energy resdnances into the ﬁodel by Plahte and prerts |
C(1969). A compari;on of data en 3, L, 5, and 6-body final giétes.from |
K+p‘ interactions ét 5'GeV/c. with the multi-Régge modei has'been made by
Bassompierre et al. (1969). When resonances are incluaed the model
agrees,feasonably well with experiment.

Two examples of experiments on four-body final stateé should
be”cited. The first is the work of Rushbrooke and Williams (l969)_on'f
‘pp —?ppﬁ+ﬂf at 16 GeV/c. These authors intérpret their data_in térm§

-of a multi-Regge diagram with the protons as the outer legs and the
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pions as the inner legs. The Regge link between the pions is taken as
a pion, while the outer links are replaced by the elastic scattering
amplitude for nip —9nip. ‘The various masé plots and momentum-transfer
dependences are not sensitivertb whether the exchanged’pion is elemen-
tary or a Regge pole, but the sizeable variation in intensity as a
function of'Treiman—Yang angie favors the Regge pole de;cription, in

agreement with the results on the three-body final state.

|

1
4

Thé other four-body final state occurs in the reaction,
P - 7 xtrp, studied by Lipes, Zweig, and Robertson (1969) at
25 GeV/c. The data are searched for evidence of the double-Regge-
exchange diagram of Fig. 33 with 1 =3 =457, 2 =5 =p, and particle
L decaying into x'w~. The data favor aa(O) ~ % , ab(O) ~ 1, ’

' consistent with known trajectoriesf (o, P'; P), and definitely rgle
out doﬁble P ekchange as a dominant mechanism. Thevpreéence or
absence of multiple P exchange bears on unitafityrand the ﬁulti—
periéheral bootstrap,'as will be mentioned beléw.

-Beforé leaving n-particle final states I draw attention to the
work of Van Hove (1969) on a new type of phase space plot for longi-
tudinal momentum in multiparticle pfocesses. These new constructions
ald in handling the complicated kinematics of a.many particle stété<and

exhibiting various -aspects of multi-Regge behavior.

3. Particle Spectra in Inelastic Proton-proton Collisions
Our final example of the use of multi-Regge models is the
work of Caneschi and Pignotti (1969) on the energy and angular

distributions of the pions and protons produced in multi-particle pp
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collisions. This application.is complementary to the calculations for
a specific number of particles in the final state since it is concerned
with the inelastic spectra of one particle, summed oﬁer'all final .
‘states kinematically avaiiable. ‘Caneschi and Pignotti include both
meson and baryon links in their multi-Regge chain and find,empirically'
that the‘baryqn exchanges account for roughly half the cross section.
Thé reievant diégrams and kinematib guantities are shown in
Fig. 3k. Diagram (a), at upper left, represents the meson exchange
contribution to the éroton spectra. The laboratory cross sectiOnvfor

this diagram is

(%) . R | (vi.1)

_where (E, D) and.'(E', p') are the incident and outgoing energy and
momentum of fﬁe pfoton‘in the laboratory,- t is the momentum transfer‘
équaredvto the proton and s! = m2 + t + 2m(E.- E')vbis the mass squared
of the unobseived particles. The factor exp(ét) describes the
behavior of the Regge residue; the next factor is the Regge propégator-
of the;exéhange meson; the last facfor describeé thé Pomeranchon
behavior of the meson-proton totél cross éection at energy s'
‘(resultiﬁg from an épproximéte summing of all the different final
states accessible at energy . s')f Eqﬁation (VI.1) can fit:the small-
_angle;_smaliQGnergy—losévrégion of the pfotbn sﬁectré, but falls df

much too rapidly at large momentum transfers.
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Large momentum transfers to the proton can bhe generated‘by a
diagram of the type shown in Fig. 34 (b). The resulting formula for the
Cross seqtion has the appearahce of the product of two expressions like
(VI.1), one for the right—hénd'and one for the leftQhand side of
diagram (b).‘ The left—hand'bart is jusf the same as before, while the
right—hand part has the meson trajectory aM(t) replacéd.by the baryon

trajectory aB(t)' and the Pomeranchon aP(O) replaced by aA(Q),
a_tfajectory intercept appropriafe for‘the enefgy dependence of the
total annihilation cross sectign of a baryon and ahtibaryon. To obtaig

the proton spectra a numerical integration .over the "masses'" squared,

]

Sﬂ’

and s% must be pefformed.

In the interests of simplicity the authors:ﬁegleét infér4
ference terms in the cross section and determine eﬁpiriéally the rela-
tive amounts of the two diagrams (a) and (b) necessary to fit the 30
GeV/c data of Anderson et al. (1967). Their choices of theivariousv
trajectories are aP(O) =1, aA(O) = O.5,IaM(t):=-O.55 + 6.85 t,
aB(t) = -0.38 + 0.2 t. The resulting fits to the proton mementum
spectra at various angles are shown in the upperrleft—hand corner of
Fig. 35. _Thevcorresponding spectra for ﬂi at 30 GeV/c, calculated
from the lower two diagraﬁs in Fig. 3k, are shown at bottom left in.
Fig. 35. At upper right are some of the same data and calculations,
tﬁis time displayed as a function of longitudinal momentum for fixed

values of perpendicular momentum. The general agreement is quite

satisfactory over several orders of magnitude. The very flat
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longitudinal,momentum distribution fbf the protons at fixed .Pl ié a
.result, in the model, of a rising confributioh from the mesonjeXchaﬁgé
part and a decreasing cqntfibutioh for the baryon-exchange term. Since
a certain number of parameters have been fed in, it is useful to test
the model at other incident energieé. The lower right-hand plot in
Fig. 55.shows calculations of proton spectra at lower and higher energies.
The comparison at 18 GeV/c is reasonable. Predictions are then shown
for fixed angle (10 mrad) at 70 and 200 GeV/c.

» The sucéess of this particular model hinges oﬁ the inclusion
of baryon exchanges in the éense shown inIFig. 3L, This.seems surpfising
at first, but Caneschi and Pignotti argue that, bécause multiplicities
increase with increasing energy,bsub—energies stay roughly constant on
the average and hence allow lower-lying trajectories to compete with
the leading ones. This leads to a‘plausible picture of high-energy
collisions with'férward and backward "fireballs" consiéting'of a
nucleon and an enérgy-lndependent number.of mesons emitted by the baryon
links in the multi-Regge chain, and a cloud‘of pions origina%ing from |

the meson links and growing in number logarithmically.

4. Self-consistent Regge Singﬁlarities'and the Pomeranchon
Thevidea that s-channel unitarity can be used to determine in
a 'self-consistent way the parameters of -a t-channel Regge eXchahge is
&ery attractive and has been worked on by many peoplé. - 8ince the
criginal mulfiperipheral calculations of Amati,,stanghellini, dnd

Fubini (19¢2) there has been the question of cuts in the J-plane
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accompanying thé poles. Initiélly unWanted and proved spurious, the
ASF cdts; or at least their counterparts_in'mﬁlti—Regge fheory; aré..
with us again'and are now respgctéble; .They seem necessafy, in faét,
as we have already discussed in Chaptér IV. »Pre;ent attempts>aﬁ the
.broﬁlem divide iﬁto two groups, those fhét trj.t6 make'the inpﬁt'Regge.:
polesveﬁérgé in a self—consistent or ﬁobtstrap way and those thaf aim
- to generateithe Pomeranchon singularity from the‘exchange'of‘mesons.
Inside each group there is avdiversity of téchniques. AOn the technical
side we note thé generalizatiop of the ASF'ihtegral équatidn to a'form.
sﬁitabie'for thé more complicated degbndehce on thé'kihematics ﬁhat
accompaniés the multi-Regge exéhangeé (Chéw,,Goidbéréer,;and LOW,11969).
In the first category are the wofks of Halliday and Sauﬁders
(Halliday, 1969;_Hailiday and Saunders, 1969b) ‘and of Chew and
Pignotti (1968b) and Chew and Frazer (1969). The first named authors
base their calculations on high-energy approkimation to the unitarity
equation in terms of Sudakov variables (Halliday and Saunders, 1969a;:
Sudakov, 1956). Chew and collaborators gi#e apﬁroximate solutions to
the generalized ASF integral eguation at t =.0. Chew:and Pignotti,
using the duality ideas described in Section V,5; show that thé total
c;oss section arising from a multi-Regge chain with average trajectory .

intercept a has an energy dependence,

2(5@l)+g2
t s S

2 . L s s .
where g is a coupling strength characteristic of the internal

vertices (averaged over momentum transfers) and related to the average
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multiplicity by"(n) ~ ggﬂnﬂs. If « - is associated with multiple

"Pomeranchon exchange (aP(O) ~ l), the Constancy of high-energy total

cross sections can dnly be understood if g2 is very small. Data on

multiplicities indicate g2 ~ 1 and therefore imply o ~ 1/2. 1If this
nodel has even approximate validity, the conclusion is that multiple
Pomeranchon exchange is not significant.

The incorrect energy dependencg accompanyihg maltiple Pomer—
ancnon eichange has been known for some time (see, for example, Verdie&,
Poéova, and Ter-Martirosyan, 1964). Kajaﬁtie (1968). and Finkelstein
and Kajantie (1968) have fe-examined the energy dependence bfbthe n-
particle production cross sections for both Regge and elementary
particle exchanges. For fixed poles (ai = 0) and for Oy occurring

m times in the chain, the_enérgy dependence of the n-particle cross

‘section is

For the analogous situation with Reggé exchanges (di £ 0),

[ﬁn(zn‘s)]m-l Sg(amax";) b.

o
n 4n s

The energy dependence of Oy (let alone 'Ot) 1s seen to be unreasonable

if the Pomeranchon is a fixed pole at o, = 1 and it Qccurs'in-the'_

P

chain at all. If . the slope of thevPomeraﬁchon trajectory is finite,

o, decreases even if aP(O) = 1, and independently of the value of m. .
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But this decrease is so leW‘ﬁith energy that there wili certainly be
difficulties with the total cross section. All these afguments favor
aﬂlimited number of P exchanges, é.g. one. Many physicists favor this
conclusion because of an intuitive feeling that the physics attributed
to the Pomeranchon pole is a complicated shadowing phenomenon that .
should, almost by definition, occﬁr only-onée-in'any collision process.
The properties of.the output pole and its associated cutvin
the J-plane are considered by‘CheW‘and Frazer (1969). They find a
"self—consistenf solution for the Po@eranchon“pole at a(0) =1 - a
where > 0.01, with the énd pbint of the cut at ac(o) -1 - 2a.
The importanéé of the cut relative to thevpble‘can be expfeésed in
terms. of the integral of the discontinuity along the cut relative to
the residue of the pole. The ratio of cut té pole is foughlybthe ratio,
Uelastic/oinelastic’ which is 20% or less. A similgr cénclusion abogt
the relative importance of cuts and poles in élastic:scattering has béén
reached bvareuna and O'Donovan (1968). The model of Chew and Frazer,
with the input a pure polé, generates a pole accompanied by a qut in
the J-plane with the sign appropriaté fér a unitarity correction,
rather than an absorptive correction. As already mentioned in Séction
iV,5, Caneschi (1969) has shown that, if poles, modified by absorpti&e
corrections, are used as inpu£ in the production amplitudes, the sign
"of the cuticbntribution in the elastic amplitude is that given by the -
absorptive model. This leads to thevhope that a self-consistent set
" of J-plane singularities can be generated with features in accord with

the suggestions from experiment.
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Examples of the second catégéfy, generapion of the Pomeranchdn
singularity by multiple‘meson exchénge, are.fhe original work of Améti,
Stanghellini, and Fubini (1962), very recent attempté, still in progress,
by Chew, Rogers, axd Snider with essentially the ASF model, and the work
of Freundv(l969)} This last is noteworthy'for itslﬁsé of duality in 
sense opposite from that described ih Section' V,5._ Freund ﬁseS'duality
arguments.ﬁo replace n-parficle intermediate states in the unitarify
equation by éuasiQtwo-body channels involving towers of resonances' '(He
goes -from right to left in Fig. 27, wheréas Chew and Pignotti go from
left to right.) |

A fihal remark concerning the t-dependgnce of the diffractive-
elastic scattering can be ﬁade; Attémpts to generate the forward
diffraction peak, eAt{ with A¢~8(GeV/c)-2, via the unitarity equation
have succeeded only when the multiparticle amplitude posse$ses rapidlyv
varying phases (Michejda, 1968). 1In particuidr, a multi-Regge-exchange
mOdel,wifh a_?hase given by the product of phase factors,
exp(-inai(ti)/2),>one for each link‘in'the.c?ain, yielded reasonable
agreemeht With‘experiment. The same modei withoﬁt the phases yilelds .
A~15 _(GeV/c).‘2 (Michejda, Turnau, and BiaIés; i968). An interesﬁing
by-product of this wéyk is the result‘tﬁat contribufions to the imagin- |
ary part of the elastic ampiiﬁude from_largér and‘larger multiplicitiesv
~ show steeﬁer and steeper t-dependences{ This suggests that higher
mpltiplicity sfates are produéed'more‘peripherally than low mhltiplicif

ties, an idea that runs counter to intuitive belief that central
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Colliéions'are "hard" and peripheral collisions "soft." With what
turns out to be considerable foresight, Michejda emphasizes that these
results are not conclusive. A cohtribﬁtion to this conference by
Ajduk.and Stroynowski shows that the neglect of spin in the previous
work is a serious deficienéy. Spin effects can give roughly the
observed value of A, without ths heceésity of Regge phase factors,

and they may well make the behavior in + - for different multiplicitieé

ragree with our intuitive ideas.
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VIII. MISCELLANEOUS AS?ECTSvOF PRODUCTION PROCESSES
1. Pion-pion phase shifts

The extraction bf the physical pion—pion écattering phases
from experimental data on.the production process nN:—>ﬁﬂN has a long
‘history, dating from the days bf the Goebel-Chew—LOW'extrapolation .
idea and the discovery of the.p—meson. " In relatively recent years there
‘has been a gradual refiﬁement of the method/of analysis and the accumu-
lation of very large nuﬁbers of events. About two years -ago the
beginnings of a reasonably consistenﬁ pictﬁre emerged with the anélyseé
of BatOn; Laﬁrens, and Reignier (1967) for the >I =1 and I = 2 phase‘
shifts, and of Gutay et al. (1967), Walker et al. (1967);-aﬁd Melamud
and Schlein (1967) for the I =0 and I =1 phéSes;

The treatment of the peripheral producﬁion data can be under-
stood from Fig; 36. At small moﬁentum transfers the one—pion-exchange‘
diagram éan be assumed to dominaté. Then the amplitude for N = =aN
can be factored into a NNy vértex and a gsn — 7w amplitude; connected
by a pion prbﬁagator. The various methods of analysis (Schlein, 1967;
Baton, Laurens, and Reignier, 1967; Marateck et al., 1968; Gutay, 1969)
differ in their treatment of the g-x aﬁplitude aﬂd the NNn vertex,
but all depend on the idea of_factorizatioﬁ of the producfion amplitude,
“at least_implicitly. Below 1 GeV it is safe to assume-that dnly s-
and p-waves are significéﬁf.

‘For the I =1 and I =2 phase shifts the analysis is
fairly sfraightforWard. The p-resonance is predominantly elastic and

known to be JP =1 . Tts unitarity limit of lexg' is therefore a
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check on the normalization or extrapolation procedures. Figure 37 shows
the results of Baton and Laurens.(l968) for sin® & in the I=1

p-wave and thé s-wave phase shift for I = 2. These phases were obtained
by extrapolatibn.fo the pion pole, in the classic manner of Chew and

Low. The p-wave phase is fitted by a nonreldtivistic Breit-Wigner
resonance with [ = 110 9 MeV and M_ = 755 45 MeV. This is. consis-
tent with other determinations of the.pérameters of the p-meson.

For the I = O s-wave deduced frombthe 2t

x~ system there are
ambiguitieé in practice, although not in principle, as first pointed out

by Gutay et al. (1967). The angular distribution of the pions can be

written, assuming only s- and p-waves, as

aw > 2. .2 2. L2 o, 2
I A(mﬂﬂ s A )+ B(mTUT s A7) cos.@ + C(mm ; ) cos T @

i

where 68 1is the ”séattefihg" angle‘dflbne;of the pioﬁs,,ﬁeasured rela-
tive to the incident pion's direction in the‘feSt frame of the two pibns
in the final sta#e. The coefficients A, B,.C ‘depend.on thé inVafianﬁ
mass of the two pions '(mﬂn) and fhe momentum transfer‘tp the nﬁéléop
(A?), as well‘as the incident’mbmentum and tﬁé Tréiman-Yang.ahgle. For
small momentum transfers, the distribution in the azimuthai‘Tfeiman-Yané
angle is isotropic, consistent with the pion exchange shown in Fig..561f
Extrapolation of the observed values of A; B, C to thé inn£ A? ;‘_”2 :
should given an unambiguoﬁs determination of both s énd.p-wave phases.
Because-of relatively rapidly varying corrgctioﬁs.to A, it is not
- possible-to make a useful extrapolation of this coefficient which, at
‘the pion pole, involves only the s-wave phase shifts. ‘An indirect

“method is necessary. The ratio B/C at the pion pole yields the I=0
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s-wave phase shift, provided the T = 2 vs—wéﬁe phase'(which enfers B
' élong with the T = O s-wave) and the I =1 p-wave (present in B and
C) are knéwn. By extrapolation of B and C separately, or better,-as
é ratio B/C, the I =0 ‘s-wave phase can thus be determined as a

function of m o Unfortunately, ﬁhefe is a two-fold ambiguity, SOO

and (800)' =8 - 600 + /2, as shown at top left in Fig. 38. Since

600 is near 90° at the position of the p there are four solutions,

" 1" T

referred to as "up-up,” "down-up," "up-down," and "down-down," depending
on which branch belbW'75O MeV is connected with which branch aBove; The
"down-up" solution corresponds to an s-wave resonance at roughly the b

mass and a width of ~1LO Mév, while the "up—down"‘solution represents a’
very broad s-wave enhancement, with a phase betweén 60°'and.90°'over the

range, 500 MeV < mn < 1000 MeV.

7
On the basis of a fitting of production amplitudes,'Malamud and
Schleinv(i967) favored the "up-up" solution, while Maraﬁéck et él. (1968)
preferred the "down-up" solution, shown separately at top right in Fig.
38. A further analyéis has been made of basically.the same compilatiOn' '
df d;£a as used by'Marafeck'et al., with the claim that a unique solutioﬁ
is determined (Schérenguivel eﬁ al., 1969). This analysis ﬁééé an |
- extrapolation of the "frontto back" ratio, B/(2A + 2C/3), to . ug,
combined with a fit to;thé producfion amplitudes based on the factoriza;
:tion implied by Fig. 36. With nine parameters;.a maximum likelihood:

fit strongly favors the "down-up" solution, corresponding to a relatively

narrow s-wave resonance and agreeing closely with Marateck et al.



-118-

There are other experiments, however, that challenge the
correctness of the "down-up" solutioﬁ. Evidently the process,
atn” f;ﬂoﬂo; with its amplitudé (fo - f2)/2, is.an‘obvious reaction to
study .in order to elucidate the s-waves without theAdomination of the
fésonant p-wave: Published experiments have given'confiicting reSglts -
Feldman et al. »(196_9),' étudying P - noﬁon_' ‘at 1.27 and 1.53 GéV/é, '
Qith:Spark chambers, favored a nérrow'reSOnance,'while Braun, Ciine)'and
Scherer (1968), with n*d - =°z®p(p) at 2.15 GeV/c in a bubble chamber
with tantalum plates, favored the "dowh" solution above 860 MeV. Both
experimedts suffer from limited statistics. A'Karlsruﬁe-Cern contribu~
tion-to this’coﬁference (Deinet et al., l969)_séems to point unambigu—.'
ously(!) to the "up-down" solution, in.exacf opposition to .the cohclue
sion of Scharenguivel et al. (1969). Thé experiment is on P —aﬂonbn
“at 1.77 GeV/e with a neutron ﬁime-of-flight spectrometer aﬁd thick
plate spark chamberé tovdetect the gammas from the x© decaysq. The

number of events with 5p2 < A? <'l5u2 is sufficient for a Chew-Low

extrapolation for the total cross section for e - 7°x®. The results
are shown in the bottom half.of Fig.A38,_along with the I = O s-wave

unitarity limit and the expectations of the various solutions shown at~
ypper left in the same figure. There are, of course, possibilities for

error in this experiment. The gamma rays are not fitted to the two no’s,

and hence no Dalitz plot is available. Questions about refléctions and
interferences from a process like =« p - ﬁOAF cannot be answered. Taken
at face value, these data are‘in agreement with the predictions of the
Veneziano model which has a broad s-wave resonance at the position of the

p (see Fig. 28).
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The guestion of the I = O  s-wave phase shift is evidently still
open, although the balance is shifting in favor of the "up-down" solution,
or at ieast a phase shift that changes very little from 700 to 900 MeV.

The contrary deduction from the experiments on 7P - ntxn may be

caused by too heavy a dependence on a particular model for the production

amplitudes.

2. K-n Phase Shifts
The same kinds of analysié that havé been dohe oﬁ the pionb
production pfocesses can be done with'incidént K Cmesons. Various
aspects of the analysis of the tﬁreé and four-body final étafes
(K —aKﬁN and KN — KynlN) havebbeen“giQGnvby Schlein (1968). The model

used is that of oné—pion-exchange with each vertex multiplied by a

Durr-Pilkuhn form factor (Durr and Pilkuhn, 1965). For a process like

K*p - Kt n™p 'the events with small momentum transfers to the /n+p
system .are deSéribed by a differential Cross secﬁiOn_that has a pfoducft
of the ‘K+n' and n'p off-mass-shell scattering crOss‘sectiong times -
suifable phase spaée factors ana form factors, divided by theISquaré of
a plion propagator. A fit is madé to the mass and t-dependences of the - -

data by adjusting the radius parameters in the Durr-Pilkuhn form factors,

" as well as the Kx and N . scattering amplitudes. TFor the 7.3\G6V/c

data of Trippe et al. (1968) on K'p —K'n A*" and K°xOA™, the results

of such a fit are shown in Fig. 39. The lower curves display the
: t-dependeﬁces of the differential cross section for various mass cuts ..

on the Ko system. TFrom the left they are for the K*(89O)Iregion, the



-120-

K*(IAEO) region, below the K*(890), between the two resonances, and
above thé K*(lueo). The upper half of the figure shows the K'y~ and
Koﬂo cross sections at small momentum transfers. vThe' K*(890) kand
vK*(thO) peaks are clearly visible. Since the spins, positions, widths,
and elasticities of the K*(890)' and K*(lh20) are known reasonably‘.'
reliably; the cross section can be processed to subtract out the: p-

and d-wave resonant contributions and leave a remainder. The insert in
the upper right-hand cornervof Fig. 39 shows this remainder now expressed
as an elastic scattering cfdss section. it is sﬁggesti&e that the data
points éppfoach ﬁhe unitarity limit for an T = % s-wéve'near 1 GevV.
Trippe et al. state that these results imply the existénce of an T = %
scalar resonance at 1.1 GeV.' If is desiréble to have confirmation Qf
this resonance in other, preferably very different; experiments. The
hézards of éubtracting large contributions, parameterized in a péfticulaf
vway, to obtain a small remeinder are obvious, even when, as in this
'instance, there_are'good normalization points'on either side in the form
of well-known resonénces. T have presented‘these’data, not‘sd much as
convincing evidence for a néW'resonance, but as an example of'fhe type

of analysis possible in .pion-exchange processes where known resénances

provide benchmarks for calibration of one's model.

3. On the Connection Between Production Mechaqism
and Decay of Resonénces at High Energies
Five years ago Gottfriéd and I published a paﬁéi with.the abéVé
title, pointihg out that the density métrix for the spin population of

an unstable resonance carried an imprint of the mechanism of production



(Gottfried‘and Jackson, 1964). Special examples had been known, of
couréé, before that time. Sinée then mény developments have occurred.
Van Rossum (1968) gave a comprehensive review at the CERN Conference.
T therefore restrict myself to a few comments. Mention should be made
- of the work in the Soviet Union, contémporary with our 6riginal work
(Berkov, Nikitin, aﬁd Terent'ey 1961) and subsequently (Kaidalov and
Karnakov, 1966; Gribov, 1967a). Gribov suggested looking for the contri-
butions from the Pomeranchon'@ole and the P-P  cut in the décay corre;
lations of KN —>K*N. Unfortunatelj,Jevén the highegt energy data on
this reaction show little-if any évidence for the'présence-of
Pomeranchon exchange.
In photoproduction of pions théfe'ié‘a famous theofem due to -

Stichel (196k4) which states that the cross section for photons linearly
polarized in (perpendicular to) the pgoduction plane corresponds to
the'exchange-of:ﬁnnatgfai (natural) parity in the t-channei. The
. éeneral problem ofAciréular and iineér‘polarization of the photons in‘
_quasi-twd;body photoprbdﬁction of mesonic and baryonic states of
arbitrary spins and parities has been considered fecentiy by Thews
(1968) who discusses what can be learned about the'trchannel exchanges
from the ?olarization dependence of the cross section. Interesting
theorems in s similar vein are ?resented by Adér; et al. (1968) who
discuss ‘in detail how to isolate the crosé,section gorresponding to
-natural or unnatural pafity exchangeé by taking certain linear combina-
tions of decay density matrix-elements fimes the différential eross

section.
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I wish to issue a warning about the use of the theorems of
Stichel, Thews, and Ader et al. They are only éorrect to leading order
in powers of s. At present laboratory energies there can be sizeable
ccorrections. = An example is revealing. For vector meson production,
e.g. K+p —aK*+p the combinations A(p +p ) and .(p» - )v

7 _ Y1l 1,-1 11 1,-1

measure the amounts of natural and unnatural parity exchanges, respec—
tively, according to Ader et al. If only natural parity exchange occurs,

then Pl 1= is predicted. An elementary perturbation theory
b4 .

P1,1
calculation.using only vector meson exchange shows that this equality is

only true as s — o (see Eq. (16) and Fig. 2 of Jackson and Pilkuhn,

1964). At 3 GeV/c, the ratio - at small momentum transfers

pl,-l/pll
ranges from 0.7 to 1.0, depending on the details of the couplings of

the exchanged vector meson. In terms of Regge exchapges the reliability
of fhese theorems will be especially ﬁoor when the "éther" parityAébrfé-
sponds to Regge pdles.WhOSe trajectories lié highér (typicali&'by half

a unit) than those appropriate to the pariﬁy being measured. “In the§ei

circumstances the error will be of order s-lﬁdx. In all of this it

appears thét the only theorem that holds without approkimation is_the“ 
original one on the vanishing of Poo for Vegtor meson production wheﬁ
cnly natural parity is exchanged, plus some tfivial extensions
(Jackson, 1964).

Other developments on the use of decay correlation% include .
gquadratic relations among density matrix elements to test for single :
Regge pole exchanges (Ringland and Thews, 1968) or for certain classes.

of exchanges (Kaidalov, 1967). Tt should be noted that here again are-

relations valid only to leadihg order in s.
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Calculationsvof cross sections and density matrix'elements for
fhe reactioni %N - pN, especiélly.in the small t fegion, ha?e Been
made by'Dass énd Ffoégétt (1968) using a Regge pole model. 'At small ﬁ
the process is dominated by pion exchange and the densify'matrix‘eléments
~and cross section have different behaviors at t —;Q, depending on
whether one has an evasive pion orka pion.éonspirécy (or a'conspiring J

cut). The limiting form of the different behaviors as s - w ‘are as follows:

‘Evasive pion "~ Pion conspiracy -

, 4o - t t
oo dt o 2,2 2,2

: | (t - u7) (t - 1)

do : ' :
P11 I t : constant

do 3/, 2 1/, 2
» do
f1,-1 a t .

~For an evasive pion,_the cross section‘dipg téwérd  t'; O 1in the forward
direction andv %0 remains large. TFor a,conspi;ing pién, the.Crst ‘:
section stays finite at t = O, whilé Poo goes to‘zeré‘there;‘ These

v very:differént behaviors cén, in.princiﬁle; be used-to:elﬁcidate the

types of t-channel ekchanges° The. situation does. not look too promising . ..
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at the moment, however. The calculations Qf Dass and Froggatt

show that the differences occﬁr at extremely small t values

(|t] < pg). On the experimeﬁtal side, data on x p —apon iindicates_

a finité Cross sectibn and a large value of pool at- t-= 0.. Perhaps
this is just a reflection of corrections of order s—l to tHe tpeory on

the one hand, and of finite bin size in the experiment on the other.

CONCLUDING REMARKS

‘As a final comment on the sﬁafe bf.ourvart @pd its dévelopment;
o&er.the pést 50 or 60 years I offer Figs.'ho and b1, Figﬁre Lo is
evidence for progress in theory. The top’équatidn, ﬁakéq.ffom a paper
in Phil. Mag. of l9ld, ié pérhaps the first scattering cross Section_
formula in particle physics; it iS'certaiﬁly the mqst-famouéi' Sinée
1910 fhecry has progressed - the second cross section fdrmula, ﬁypical
of many in Phys .Rev< in 1968, shows that equations have become lohger,'
more numéroﬁs,'aﬁd, I:féar, less famous. The'éxpérimental side;‘tOo,
has changed drasticéily ovér7thenyeafs“‘ Pfogress,qf.éorts‘is‘iﬁdiqéted
by the aékndwledgments shown in fié; hli Iﬁ 1919 good physics was doﬁé
with simple apparatus'aﬁd_an able aséistant to-help with fhe teaious'
work of observing a zinc sulphide screen, but thé completionlof‘almost
any exﬁefimént'in high energy physics fifty yéars'later'requires a gaiaxy
of Professo;s, Ph.D. physicists, eﬁgineers, and techﬂiciaﬁs to assiﬁt,
support and encourage an international team of researcﬂers assemﬁled |
from the far corneré of the earth;vasvis‘attéstéd by daggéré, astérisks,.
and other symbois on almost evéry name. B

What will the next 50 years bring?
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Table I. High Energy Physics Research Effort as Evide'nced by Publication in

Two Letter Journals .: EXfPERIMENTAL PAPERS ON HADRONIC AND PHOTONIC PROCESSES.

\
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S A N S S B

Properlies of
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" Bunp hunting g - N :]

L

Forwarl elastic or
CEX seattering, total
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large angle or . i
backward scatteriag :

Inelastic or quasi-two-
‘body scattering

Production mechanioms
(CFzA, quark, ete,)

Fhotoproduction of |

pseudnsealar pesans’

Phatoproduction of
mezon and baryon

resoninees . - :

Baclewar] phoatasroduction

Llectrorametic
Interactions
(e-p, ID, etc.)

Weak processes
«(CP violation, ete.)

XBL 696-614
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Table II. High Energy Ph‘ysics Research Efforts as Evidenced by Publication in

Two Letter Journals : THEORETICAL PAPERS ON HADRONIC AND PHOTONIC PROCESSES

Physical Review Letters Physics letisrs
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. ’ 21 . 278
: } S 22 (estimated) . 288
Subject Categories Number of papers per volime
0 5 10 15 0 5 10
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Juality and
Interferénce model

Veneziano model and
generalizations
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Current and fi=ld
algebras, soft pions,
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Interactions
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HMiscellaneous
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Table IIT
Examples of Double-Regge Exchanges

(See Fig. 3% for the notation)

PLab Particles Regge exchanges - Reference
(Gev/e)] 1 2 3 4 5 a b
8,11 |r p p 1 D o P | Berger (1968s)
28.5 P p n o P " P | Berger (1968b)
6.6 {p p D <7 ATl elastic x| Berger et al. (1968)
‘ data .
+ + : ' . N
9 K »p K w D, Cow . P | Alexander et al. -(1969)
] . ) e ‘ _ | ,
126 {K p K° « p " P | Andrews et al. (1969)
- - - 4+ . . ) ' } .
K -p K AN P . 7 | Andrews et al. (1969)
28.5 |p P b = Ao P« |Berger (1969)
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FIGURE CAPTIONS

Fig. 1. Experimental and theoretical effort ih high energy physics as
.evidenéed by fregquency of.pﬁblication in letter Journals
(Physics Letters, Vols. 26B, 27B, 288; Physicai‘Review Leﬁters,
Vols. 20, 21, 22).

Fig. 2. Differential cross section for élastic TP séattering at 9.7
and 13.6 GeV/c (from Orear et al., 1968).

Fig. 5. Diffefential cross section for p-p elastic séattering at
19;2 GeV/c, along wifh results at other incident. momenta
(from Allaby et al., 1958a).

Fig. 4. Differential cross section for ﬁ-p elastic scattering at
5.9, 8.9, and 9.7 GeV/c (from Orear et al., 1968).

Fig. 5. Differential cross sections for inelaStic p-p scattering at
19.2 GeV/c‘éompared with the'elastié.cross section of Fig; 5.
The.insert shows how the different iﬁelastic‘contributions
are defined (from Allaby et al.; 1968b). | B

Fig. 6. Polarization in n+p and nfp.elastic scattering:at 5;15 GeV/é

- (from Esterling et al., 1968). »

Fig. 7. Polarization in K+p elastic scattering at 1.22 and»E.MB'GeV/E
(frém Anderson et al., 1969). -

Fig. 8. Pion-pion mass distributioné and Légendre'polynomiai coeffif‘
cients for N - sl af 6'GeV/c. The left column is for‘

TP e'n+ﬂfn(Qﬁﬂ = 0); the center column is for

i

TP - Jr—arop(QmT -1); the right column is for

It

ip - 1r+ﬂ+n(QTUI 2). (From Crennell et al., 1968).



Fig. 9.

Fig. 10.

Fig. 11.

Fig. 12.

Fig. 13.
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Comparison of experiméntai results onlcombined decay cbfrela-
tions in the process, K p — K¥A at 2.6 Gev/é, with quark model_‘ 
predictions of class A. In each histogrénfthe corrélatién
predicted by the quark model 'is stated in ferms of the direéQ
tion cosines of the decay particlés of the two resonanges.vbv"
The solid and open points refer to the left”éﬁdvright-hand:
31des of each equatlon The abscissa in each diagram ié‘the

cosine of the productlon angle in the C. M. system (from

Friedman and Ross, 1969).

Energy dependence of the backward differential cross section
do/du at. u'= 0 for K+p (solid points) and K p (open circles) -

elastic écéﬁtering. The dashed curves are the corresponding

: + L ‘ : B
results for n p scattering (from Beker et al., 1968).

“Backward differential cross section for x'p elastic scattering

at 5.2 and 6.9 GeV/c and n-p‘at.6.9vGéV/cf(from_Eaker et al.,

- 1968).

Backward dlfferentlal cross sectlon ‘and polarlzatlon for

Tp->K °A at 1n01dent momenta from 2 to 12 GeV/c. (Data from.

Mlchellnl et al., 1969, figures from Barger, Cllne, and Matos,

1969)

L o - . '
Regge pole fits to = p elastic scattering and polarization in

the small and moderate |t| reglon (O < |t < h(GeV/c) ) u51ng

cycllc re51due Tuncti ons (from Barger and Phllllps, 1969).



Fig. 1L,

Fig. 15.

Fig. 16.

Fig. 17.

Fig. 18.
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Tests of exchange degeneracy and su(3) with the "elastic"

reactlons, np—wrn, yrp—>n n, ande-»Kn, and the

inelastic processes, 7 p -> 1 A s n‘p -1 Optt , and Kt p-K A

~at incident momenta from.B to 5 GeV/c, The separate cross

sections are shown at the left; the SU(3) components from 7
and~nO final'states appear in the.center; the sum of cross.
sections from the center are compared with the K and K data
at the right (from Mathews, 1969)

Data at various momenta on the "elastic" and inelastic reac-

tions Of,Fig.dlh are compared with a two-parameter Regge model

based cn [U(6)QZ)U(6)]'X 0(3) (from‘Delbcurgo and Saiam;.l969.)
Differential cross section for P-pP scattering predicted-by thev
Chou-Yang model with a.dipole eiectromagnetic fdrm-factor.

Curve a is_based‘On a purely iwmaginary scattering amplitude-"

(A(Q) real), while curve b includes a small real part. The.

: trend of the data shown in Fig. 5 is dlsplayed for comparlson

(from Durand and Lipes, 1968)
Differential cross section for pp scattering predicted by the
hybrid model at various incident momenta (from Chiu and

Finkelstein, 1968b).

'Enercy depehdence of a Regge cut'factor'(see 7Eq.(IV—22)).

'The cross section for a pure pole goes as ¢ « sza—z, while for

a typlcal Regge cut amplltude goes as 0 < S2Ob /f( The
dashed llne is a power-law approx1mat10n-correspondlng to

Mo = -0.25.



Fig. 19. -

Fig. 20.

Fig. 21.

Fig. 22.

' Fig. 23.

Fig. 24,
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Cross sectione for a Regge pole excﬁange plus a ﬁegge'cut
generated by absorptive corrections (schematic). The pole
and cut amplitudes interfere‘to produce a dip,'as'eeen in‘
7N charge exchange (from Henyey et al., 1968). .
Complex Vv plane, showing poles, unitarity cuts and the
contour used to obtain finite energy sum rules.

The integrands fof the two sides of the finite‘enefgy sum rule;
(V. 4) for the crossing-odd forward scattering amplitudejip

(-)

oN scattering, A'"/ + vB( ), with n = O (from Igi and Matsuda,
1967a).

Residues of the P' Regge pole in the A'( +) and B( +) amplitudes

i

as functions of t for nN and KN scatterlng, as 1nferred from
FESR (from Gilman, Harari and Zarml, 1968).
FESR integrals vs. T = ~t for the t- channel pion photoproduc-

tlon amplltudes F, ) (QE) and Fj( ) (@5) The SOlid curVes .

are the low energy (left—hand) sides of (V 7), whlle the

dashed curves are the high energy sides calculated from a
model with an evasive pien plus absorptive corrections; The
circles refer to a "pseudomodel” (see tekt) (from_qackson_and:
Quigg, 1969). |

Total cross sections for K'p aﬁd.K_p inﬁefactione vs.‘v,'the‘
K-meson energy in the laboratory. .The dashed curve‘on the
right is a rocgh Regge pole"representation'of the a&érage

1
cross section, o = 17 + 16(v - mK) 2 mb.
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Fig. 25. Argand‘diagrams for linear combinations of s-channel I =_l/21'
- and I = 5/2 partial wave amplitudés’for-ﬂN scattering, corre:
sponding to T = O and T = 1 in the t-chamel (see Bq.(V.8)).
The first seven bartial_waﬁes are shown. (FrombHarari and
- . Zarmi, 1969). |

Fig. 26. Regge exchénge diagram and duality diagram for (a) = p - KA
(backwérd), and (b) K'n » A (forward). The upper duality
diagram is a planar one, while the lower one is nonplanar.

Fig. 27. Chew-~-Pignotti duality; The diffractive production ofvmassive
mesonic and baryonic states can be described in the average
sense of duality by the‘multiperiphéral diagram ét the right,
in which only the lightest'mesbns and béryons appear.

Fig. 28. .Trajéctories and'pafticle content of the Veneziano amplitude‘
(VI.3) for m-n scattering. With the leading trajectory
given.by,ap(t) _ 0.48 + o.9o£, ﬁhe elastic partial widths
(ih'MeV) are the numbers beside gach dot, normalized to
I = 112 MeV (after a table of Shapiro, 1969). |

Fig. 29. Dalitz-Mandelstam diagram for F(t,u), (VI.3). The lines of
poles in t and u are Shown, as are the liheé of zeros from‘l
the denominator. . The asymptqtic behavior in all six directions
is indicated (from Shapiro, 1969). o

Fig. 30. FiVe-particl¢ diagrams for the genéralization of the.Veneziano
formula (from Bardakci and Ruegg; 1968). -

?ig. 31. Comparison of the Veneziano model‘(VI.lB) with the ﬁ+ﬁ_ masé

distribution for pn - ' wn . The dash-dot curve is after
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Lovelace (1968), with B = 0. The solid cur&e is the fit of.
Berger (privéte communication).

Decay angular diétribution of the ﬁ+ in the mass region of

the £° for pn - ﬂ+ﬁ-ﬂf, as'shOWh'by.thé shaded région on the
Dalitz plot. The curves have the same meaning as in Fig. 1.
Double—Reggejekchange diagram for,a‘th£eé—body final»state.

a and b denote the Regge trajectories.

Multiperibheral diagféms éonéide?ed f& Caheschivand Pignotti
(1969): (a) meson exéhange for the proton.spectra; (b) baryon
exchange for the proton spectra, (c) and (d), correspondiﬁg' |
diagrams for the pion.spectra (from'Caneéchi and Pignotti, 1969).
Cqmparisqn of Céneschi-Pignotﬁi modél with the data of Anderson
et al. (l967)_0n prbﬁon‘and pion éﬁectra frdmvinélastic"p-p
collisions at 30 GeV/c. Upper left: prdtoh momentum spectra
at varioﬁs angles. Lower left: corresponding pion_spectra'
(ﬁ+ and”nf). ;{Egér right: protoﬁ énd.pion longitudinal
momentum sﬁectra af fiked perpendicuiar momentum., Lower right:
coﬁparison of the model with proton data at 18.8 GeV/ec, and

predictions for 70 and 200 GeV/é. (From Caneschi and Pignotti,

- 1969).

Peripheral one-pion-exchange diagram for xN‘%.ﬂnN-shOWihg'the'
decomposition into n-x écattering and zNN Vertex. v(From
Gutay, 1969).

I

1 and I = 2 pion-pion phase shifts. (a) sin® for thé

I

1 p-wave, (b) phase for I = 2 s-wave (from Baton and

Laurens, 1968).
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Evidénce concerning the I = O s-wave pion-pion phase shift.

‘ 0 3 . .
Top left: 80 vs m B from s-wave-p-wave interference, showing
= ot - :

- the two-fold'ambiguities above and below the p. Top right:

The "down-up" solution preferred by Marateck et al. (1969)

and Scharenguivel et al. (1969). Bottom: Cross section for
7tx™ = 79%© obtained by Chew-Low extrapolation, with curves

based on the various solutions shown at top left and the s-wave

unitarity limit.  (Top figures from Marateck et al., 1968;
bottom figure from Deinet et al., 1969.)

Spectra for the reaction, K+p S Keoatt at 7.3 GeV/c. The upper

histogram shows the cross section do/dm for the K%~ and

KOxO systems. The insert displays the elastic Kr scattering -
cross section after removal of the resonant p-wave - (K*(SQOX)

and d-wave <K*(1h20)> by a subtraction. The lower histro-

grams show the t-dependence of the prodﬁction cross section

- for various cuts on the Ky mass spectrum (from Trippe et al.,

v

- 1968).

Progress in Theory, 1910 —1968. Cross section formulas,
then and now.
Progess in Experiment, 1919 —1968. Acknowledgments, then'k '

and now.



PROCESSES -
INCL. CP VIOLATION

20 %

ACKWARD
BACK ELASTIC 7o

PROPERTIES
OF RESONANCES

12 %

BUMP
HUNTING

16%

EXPERIMENTAL
LETTER PUBLICATIONS

: Flg 1

- 'REGGE THEORY,
LORENTZ POLES

RELATIONS ,
FESR,CMSR

-84

1soFT & HARD
PIONS
1%

- THEORETICAL
LETTER -PUBLICATIONS

XBLE96-2928



do/dt mb/(GeV/c)?

|o'

10°

10!

1076

1077

-1b9-

-t (Gevre)?

"~ Fig. 2.

l T l ! T
?__ T -p ’ -
0
| © 9,7 GeV/c) _
a a8 9.8 GeV/c pTHIS EXPERIMENT ]
s 13,6 GeV/c . IR -
O e 9.9 GeV/C OREAR ef o/. 1968
Jé, o 8.9 GeV/c FOLEY ef o/ 1963 _
0\ .
A\ .
- 5\\ - | _
[ ﬁ'\\ : ' —
. o\" ’_,' ! y
ﬁa\‘ @ .
S S &
| E\\‘ 5.9 GeV/c | 'S ]
\\“jf\\\ / / ‘ E
RSN I
B SN | ﬁ{ |
- 3 \f§\\§, o -
| | 1 A SR |
o 3 6 9 12. 15 18

-XBL 696-599



do/dt [om (Bav/ct')

, -‘1510-

1

(]
Il JGevrey']

XBL 696-600




~do/dt mb/(Gev/c)?

oot
10

151-

10 ‘[ér'
a
0

1R

i

|

T T T

PP
© 8.7 GeV/c

This Experiment -

O 89 GeV/c . e
Foley et.al. 1963 -

A 59 GeV/c o
Ashmore et. al. 1968

e
W
K>

1

1

_ . <\. o  _‘ .
11

B

I IR DU B S
~t (Gev/e)

© XBL 696-598

Fig. L.



doldt [em?/Gevic’]

-152-

n‘ﬂ_
PP PMM
" Py=B20GeVie |
€ ,g:110mrad.
02 . >
192 169 151140 124 ' 0938MM [Gev] -
T A A A
1070
0=
107 )
1
103
07t
s S Elastic PP, 19.20Ge‘.7/c,Alldby etal, %
s NY(1518) Production l Fit to Data by Anderscn
——— N'i588)Production | et al. at 20 GeVlc
% NUI518) Production,Area A ] 1920 Gevie
ol o ﬁ'ngBS)Produclion,Area B ¢ This Experiment S o
) ) 2 ) Allaby etal.. - . ’
e /ﬁ?ﬂqﬁdM Area C ‘ - S é;
1w . . ) . e o 1
10-34 o Il - 1 - . L Il
o 1 2 3 4 5 G
1 [(Geviey?) : .
XBL 696-594

Fig. 5.



_155_

| | | | ] I | ! |
TP o [l
T p— @ | . ? 9 -
55 | {{ 6. 1 j, 7]
dx ' ' - L 4
25 $ % L] ?
é .
a §§§__
’ } o
87 % _
| {{ { { IO
o | @ .
I R N R A R E
2 4 6 8 10 12 14 1.6 18 20

Fig. 6. -

XBL 696-606



* 1-01'0 .

4 §

cCO0S ec m.

+05}

0.0

ﬁ*

T

~

122 GeVie

-05¢
10 . - ~—J
0.0 05 10 -t(GeVic)
Fig. 7.

a0 08 06 cos8cm 02
- +10 T - T
Pt 248 GeVic
o ”
- +05¢ | %} . % ’ [ \\‘\
. " ‘| 6
Rl ‘ \ o
B . ‘l ‘
- ! ‘
- ] \
1 \
s ’l ) “ . 1
| J; \
20N/ \
. " \
A .t
‘\“ '/ 05 10\ -t (GeVlc)
-0.1" ‘\,/ ‘\‘
1 | ‘.\
\

- XBL 696-603

-nSt-



400

T T 1T T 71
I~ 7 p— wwtn AT 6 GeV/c
—5334 EVENTS

|

320
>
Q
=

Q 240
~
w
-
4
(11

> 160
w

80

o

80
A,

40

)

a, 40

0

a0

Ag

o

Mr*r™) IN Gev

EVENTS/40 Mev

200

@
o

N
o

@
[«]

40

-155-

T T I ! T

T

|- w p—> 7 7%p AT & Gev/c

—3097 EVENTS

l # EVENTS WITH
tooep $1.0GeV2

40~ —l
- —l
20 -
0 24,
L |
P(g) 7
520._ —
'. Y
ot
) —t 7
20 -
ud
O
i 1 { 1 1 |
0.8 .6 24

M (7~ 7°) IN GeV

Fig. 8.

EVENTS /740 MeV

Aq

f T

100 wtp—w+w*n AT 6 Gevic

/T 1 T T

|

- (i)
80+

— 1195 EVENTS
#m EVENTS WITH
tpen S 1O Gev?

1

40 -
e -
20+ -
Il
Of——eostbigt '
L (k) -
20— -
0 opd b o # dphite
st "”“ A
20~ -
0 . h-“’v [ _{..” .
ERI T VU AIVYTS I
U A A
0.8 1.6 2.4

M{m*r*) IN Gev

XBL 696-596



-0.l

-0.1

0.4
0.3
0.2
o

- -156-

K p—K*A (26 GeV/c)

-

K'_X'=(X| Y| Zl)’

| #p ®sg ®0 &0 ¢o

 (c) 5 x 2y = 4/15 &z

B ¢ o §@ %Q‘_}g’

3 O

(b) <yg(x,2 -22 D=4/15 &2-2%

] o

iyt

o) <yB= 22> - 1/3

4 -ol

1-96 969 9-.8 .8-6 6-0

Fig. 9.

Qp= (x5 ¥525)

e Left-hand side
o Right-hand side -

_v'§'§ §Q §¢§g§é
1 o 53 65
— ® 0 ¥ D [ ] -D g0 i D ’

-(e) <V§ XaZpy= 1/5 <xp 2> |

§ 0 ig,}nviﬂ {.Qv

) GR0E-28D =15 G- 28

196 96-9 9-8 .86 6-0

XBL6812-7358 -




200

100

20

10

ub
0 (GeVic)?

-

(5

)

—

\ a

-157-

oe BNL - ROCHESTER
® CERN SACLAY

CERN

-

Fig. 10.




0

T | T T 1 1 |
“’P-»p "0
10 5.2 GeVic -
i ]
nl
. =4
- ;
! 7
. T'peepm’ 4
5 i
1 -
T p—pm .
69 GeVic 7

-158_

10 -08 -06 -04 -02 O

12 -10 -08 -06 -04 -02 -0 ulGeVk):

XBL 696-604

Fig. 11.



1004
GeV/c
GeV/c
S
~
> 1 :
S 4 GeV/c
< (4
P .
1 ]
" 0.1
33 . Gev/c
00l
: GeV/c
0.0017
) 12.0 Gev/e
0.000I

-10 2 4 6 B8 10 12 14 16 18
- U (Gevre)*

Fig. 12.

Polarization

- =0.64

" Polarization

7 p — ‘KA

o

10

0.6+

0.2
0

~0.24

-1.0

0.61

0.2

Y
=1

T T

2 4

f \ _ PLob * 4.0 Gev/c
0

6 B8 10 12 14 16 18
-uJ (GeV/c)®

-0.24

=0.61

-1.0

Y

10 2 3 & B 7012 14 t6 I8
-u (Gev/e)"

XBL 696-605

-64T~



b 7 (Gevre)?

108}

104

103}

102}

::; ::))}3'5 Gevse PLobl = 515 GeV/c
o
| -
* v'p.(ﬂ). 5.9 Gev/c e
o' ’ Rl
©
= p(v), 9.7 Gev/e N
b
-2 #"p(+), 13.5 Gev/c, %
1072 > S
|o‘5_
o 0‘5 ilo ‘115 zlo 215 .310 35 40 el 1 L A N A " -
T D T Gewrer 0 05 1.0 5 20 2.5 30 35 4.0
) 2
-1 (GeV/e)
XBL 696-592

-09T-



-161-

|O‘00:vv'r-‘ﬂll"lrrv:]000:'lv|r1-lr|*r’V4|000_'|'v|'|V

T
[ Differenticl . ‘ I Components [ SU3 + exchange ]
I : 7%n ’ ] L - 11r°n ' [ lvron +3 %q -
[ cross . ] [ of Kon 3 . ] C de;;esn'erccy z 27 1
[ sections . 7%0 . ! s 3% ] L ¢ . K%
o e, 254

~ l0p Bk S |00&\§< ' 4 ok E
o ??'L%‘\\ -t : h & . E r ’ 3
> [ S ] 3 - ]

3 L .4 L

+
I
\

| 0¢ + 3 IOE— |

. *f/i*

| \ L . P S SR R SV S N
0 02 04 05 08 |0 1.2 14 0 02 04 06 08 |0 |2 i.4 0 02 0406 08 10 1.2 14

|0000 T IOOOO_ LI T T T - |0000: LNEL LA B S R I N
Dliferentlal ] L Componenis ] . [ SU3 + exchange [
1 ' ) 1 0, 3
eross woare ] Foof KOATT t 2T 1 [ degenéracy . o FTOATTEA
sections aoart o %,’ko ] | test . KO+
oA.++ 1 . T L - _ 1

4 1000¢

o IOOO%;\« _ 5
N CUHRE, ;

s ook ”{”\ 100 100 ¥$ :

T
10 TR TR T N SNG T! WO S N 1] S S TS W VO WU SO W |01L|‘lx

0 02 04 06 08 10 12 14 0 0204 0608101214 0 02040608 1012 14
-t (Gev?) -t (Gev?2). -t (GeV?2)

2 diagal

- I000E§'
N [
> L
Q b
o ]

XBLES1-1616

Fig. 1k.



do/dt {mb/(Geve)']

do/dt [mb/(Gevye)')

-162- -

. xpoe : - i i
A g Kp—in
1.7 Gevfe ++ 37 Gev/c
8 Gev/c
16 4 6t + 16"
3
41‘ -
H [
g
S~
r)
, E
10 s 10
3
= °
g a
& 9.5 Gev/e
5 4
£
- 3.3 Gevfe :
) {
K
o .
» L
133 Gevje 6 T % ]
+
+v 1
P ,5; "
[ N TS ) o5 N 0 Vs o5 - 10 s
2t [(Gevse)'] ~t[(Gev/c)'] -t[Gev/c)]
d 10 ﬁ
+ Rep = N (B Gev/c)
< ) "ep = AN (8 Gev/c)
K'p = K*N""* (5 Gev/e) :
' 0]
= 3
e
i 8
S K
5. ’ £
E 1 St
3
5 o\
= 3
° «
0 (3 15 iy o
1
~t[(Gevser') ' 0 '

0%
-1 [(Gei/e]]

05"
—t[tGev/ey} -

XBL 696-595

>



(dov/dt) / (dovdt),

_165_

———— COCCON]J etal, 1965 -

O  FOLEY etal, 1965

S~ __ Il GeV/c

\\\;29 GeV/c -
~ -.__~_“Q~
\'\'\25 Geve ]
~< v\\\ —
~~ 30 GeVk

\\ -

Fy -

-t (Ge\(/c)z_ |
XBL 696593

Fig. 16



-16k- |

10

o

10"; i
gg .
dt
gpb
GeV?

104

. _w_"—b .

.

o
- §
S
3 v
L
: £

10-6 LN 1
08 1. R

-t G_c:\V2

N -
w
P 3

- XBL 696-601

Fig. 17. .



-165-

100 UL P R L LN B T T
S S s ]
E s (G-l .
- Dashed line is power-law .= e
approximation, '
- NZ:
8 f(S)—( S_O) ? N
corresponding to
10 Aa = 0.25 i
_ V/ , R
| | lab (Ge c) _ N
2 s 27 - 70- 200
I L R T ||»l’||L I Lol I I R
' 5 10 - 50 100 500 1000
’ C s/sg

XBL696-2929 - .

Figo 18 L]



a0

/oot

, POLE+CUT EER

ot



...167 -

XBL696-2932

Fig. 20.



-168-

20~ : (1/u units)

150

(Va.—-u’)llzloﬂ_p<V)-0;r+p(V)]

10 . 478 P (v/u) with @_=0.54 and 8 =5.98x10™* 1/u (4 =plon mass)
P ap p L .

50

-2
- v(1/p units) »

Fig. 21.



-169-

‘Fig. 22.



0.02

0.0

=0.01
-0.02
-0.03

' -0.04

' _170-

IIFTT—[TWIII

TTITllllTT-

QLIII'I[IJ

llllllllll‘

| —002 ._Oal‘.

o 0O, 0.2
T (Gev/c)zf o

XBL692-1947

Fig. 23.



-171-

|
|
|
|
l
i
! 4
1
|
|
i -
|
{
| i
A
|
|
N 7]
e A D S W, GED G AR G D S G WA s S— -'lll
% +—t—t ~4 2 +—t
o W) o o ____ ~eT--
\Y}
+
- X
]
J

v (GeV/c)

XBL696—- 2980

Fig. 24



2q Imf

] 3 T T 17 T 1
: _ Lo
- 06
0.5
04
0.3
0.2}
~402 ot o
| o of—+ —o
4<02 J: -0
4-04 0.5 687 19486 2'0.2
-t _+-0s 0.4 Toa
L2 2028 1 . J 0.3 > 103 -10.3
1o jJ ) R T o i 1780 1600 02
0.8 T » o _'*O.I
0.6 mvv ) _f +—+ T 0]
0.4r o~ 104 1913 —-0.1
0.2 . "-;’é';‘g.-i;lsss —10.2 ﬁk
0 e e
¥ - = _ ‘ i - 4-02 ' . 1678 7103
L6 80 ' R Joa 3 <02
\ : ' 1780 . 1890 9|
—t ——+—0
1954 Lol
' 1541 dosz '
1475 ) _02
D 1480 y
5% |6'0@ - -‘O.l
1 I 1 L %7‘89‘ Vl' 1 o
|04 02" o o2

Fig. 25.

-BLT_



Fig. 26,

-173-

XBL696- 298]



‘ v-17um

DUALITY

Fig. 27.

y U

XBL696-2982



(1)=0.48+0.90t

RS

TRAJECTORIES AND PARTICLES

IN VENEZIANO MODEL FOR TF 7 SCATTERING
\TTER

7T (NUMBERS ARE ELASTIC PARTIAL

"~ WIDTHS IN MEV)

_Qp

XBL 696- 2983

Fig. 28.



-176-

a (s)a(t)'

T(a(t))sinra (1)

-imral(t)

_ AN
e a(u)a(t) / »\\\

T(a(t)) sin 7 alt)

u

XBLEBII-7146

Fig. 29.



_177 -

d,

*0¢ *STd




-178_

| I T 1 I

pn—wtrT AT
2001 . — .
i [ — «— Lovelace (B='O)‘
N ' ——— B=-1.0; 7=1.95

Data: Anninos et al.,Phys.Rev.

_ . N Letters 20,402 (1968)
100 | -

L | 1 1 1 L
0 0.5 .o 1.5 2.0 2.5 3.0 3.5

(Mdss (77""7r'))2 | (Ger)2

—

XBL695-2669

Fig. 31.



of combinations

Number

320 F-Region: [.14 S'M‘**'SI'Z)?_ 4
,  , "'""'-—' Lovelace (,3="0)  |
280F ——— B=-1.0; 7= 1.95 -

L -
240} ]
200 ]
160} /_
120 |
80} | i

e _
40} / |
Colk=_ L _

| " Cos 6

-179-

I

XBL695-2667



-180-"

‘¢ BT




-181-

>w




mb/GeV/c st

4o
dpdQ

b/GeV/c sr

o

2
dpdn "

4

-182-

)

#
-~
Vs
1000 . “r . — (a)
E O T T T T T T T T T T T T
E () . 14+2 mrad o~ E 1 Wilaa sty 3
- LA e - ) 3
100 R - C T
E 23%| mrad
C g o -
i 3 E 3
10 = 3
oF 8 u ]
C -CE) - R . -
u 432(mrad o - [ #PROTONSp,=0I82 .02 Gev/c ]
= Ny w25 o1k~ - EPROTONSp,=1.0t 04 Gev/c -
g Ml’h o6tz mrad © E #rp =018%.02 Gev/c 3
= p n | L 3
ol If | L B
E H”‘ 0.0 1 1 1 1 i 1 L L Il 1 1 1 i i I
L ‘ 04 08 1.2 1.6 2.0 2.4 2.8
0.0l L 1 L p, Gev/c
(b) = T T T T T T ) ]'
100 ? : 10 mrad e ——— - ]
E 70 GeV/e =T § =
|- . — - Lo-
- il O mrad
0= T ook ~ 18.8 Gev/c |
E o E ~ . 3
E 3 s N 3
- o ;/ \\ ]
- = 4 ~ B
= ' // N iOmrad
= o ~ N\ 200 GeV/c =
= € / \
r / N
= g 10 100 mrad =
£ o E 18.8 GeV/c N 3
[ Al
E ° F \ J
- N - \ N
© - \ -
0 30 L N4
: \
P ¢ AN
| | 1 1 i H 1
o.l 02 03 04 05 06 o7 08
o'/p
N

Fig. 35. : ; a-



. -183-

Fig. 36.



18k~

W
Q

2
o




_185_

v lv T T I | T I T
180°|- w118 | —
| ﬁ% | s
g0 P ** .%ﬁ*-i 90°|— Tl —
] w%%*#oown _ - ‘ ﬁ
?\%tf - _* } o
- | 1 | L 1 i i i L :
400 600 800 1000 400 600 800 1000
M 7 (MeV) My (MeV)




dor/dm(mb/Gé\/ )

do/dt (mb/GeV?)

-186-

K'p— Kma™
. |
4+ ((]) | |
o
' :E'._IO-
3»— | ¢b". A
~L_ 1 i : '
%6 14 18
- mi(Gev)
2t | - =
% e Ky’ . ' 2
| s 2xK°'7r°}_'fO'5 GeV*
—Max. likelihood
Normalized =
10 14 . 2
K Effective mass - m (GeV) -
] osk @ W] @
12-16 o 0.64'0.8 |.O_'|».2 Ie-19 |
ol + o
002} )

Fig. 39

o

" t(Gev?)

. 1 1
03 0 .03 0 03

»n



_187_

b ' . Qdm __ntb”.Q.,cosec‘¢/2. )
Y= wrsing.dp = 168
b : : . .
do 1 rlsino. [ 2(14-cos2¢,) [ t— (Y +m)2/[e] =2 v 45| 2(s/50) 25 Dag?

—_—= +(1—cos2¢,)
dt am(s—m2)l IT +1) singrax|? N B

a2|t]= vy € 2s/s0)2 @D ay?|e|t l',n 4V | 2(s/50)2tav=D
T e _ § '
. | P'(a,+1) sinfnra,|? [T(ay+1) cosimay|?.
a7 (s sMer D daay sing(av—adys iy 4V (s/sgect ey
4

| T(ar+1) sinjrar|? o | T(ac+1)T(ay+1) sinfra, cosjray|

20,01y 3%vy 4T costm(ar—a.)(s/se)* et 272
l P{a+ 1T (ar+1) sindme. sin—%fa”
x| = (et V) 2 [ (e

[P(ax+1) sindrag|?

)-f— 1+ coszb,- cos2¢, sin%,)

+ (14 cos?0,+cos2 ¢, sin?l,) (t—mx?)?

<l i (s/s07 e Da ] avtly s [(s/sdP 0D arlvig|As/s2rD
—(m— | -+ T4 Slngmw
| T(act1) sindnra.| ' |T(av+1) costray] | Plar+1) sindrar|? H
i Yia®vi ¥ (5/50)etar=2 2 cos im{ar—ae) Yi-i®y 14T (s/50)2tar=?
X{av—ac) |t 4 )+4 cosf(t—mxg?)
| T(a:+1)T(ay+1) sinkra, cosimay| I | T (@c+1)T(ar+1) sinjre. cosiray| _

XLt (¥ I G ¥ 2] ey (55

Crygte. cos%r(éugh— ac)(s/sg)e?

[sinira.['(a.+1)T(ex+1) sindrag|

£ sindr(ay—ax)ay?yy-y¥(5/50)= L FlaryyyT cosir(ax—ar)(s/se)ar1 >] )

l | T(ag+1)(av+1) sinrag cosiravy| [ | Plar+1)T{ag+1) sinirag sinjray]

XBL 696-602°

Fig. L40.



-188-

"I desire to express ny thanks to Mr. Wllllam Kay for hls/

1nvaluable ass1stance in countlng sc1nt111at10ns

(Professor Sir Ernest Rutheriord Aprll 1919)

"We would like te.thank Professor J. Sfeinhefgef who.
,part1C¢pated in the des1gn and in the earlier part of thlS'
experlment and Professors W. Paul P. Preiswerk and H
Faissner for support and-encouragement We acknowledge the
-assistance. of Mr: J. Daub and Dr. P. Zanella, who made the
.measurement of the events on Lu01ole pos31ble ‘Dr. L.
Caneschl has helped in the runnlng of the experlment The
"detectlon apparatus was bui: 't with the help of Messrs. F.
Blythe, K. Bussmann, J. M. Flllot,}and G. Muratori. Flnally,
we would like to thank Dr.pG, Petrucci, the CPS staff, and
especially Dr. L. Hoffmann for the setting up and operation
of the slow ejected proton beam." ~ | B o

(A. Bohm,* P. .Darriulat' C. Grosso,** V. Kaftanov,***
K. Klelnknecht H. L. Lynch, . Rubbla -H. Ticho, +* and
K. Tittel, 50 May 1968)

Fig . Ll'lo

[}



a

LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission: '

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "person acting on behalf of the Commission’’
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.




"y omce

TECHNICAL INFORMATION DIVISION
LAWRENCE RADIATION LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720

. -t



