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ABSTRACT

A review is given of recent developments in the S-matrix theory of

strong interactions supporting the hope that a complete theory may be based

on: (a) maximal analyticity in angular as well as linear momentum, (b)
maximum strength of the forces, and (¢) conservation of baryon number,
strangeness, and 1§otopic épin. There are no elementary particles Qnd no

arbitrary dimensionless constants. The concept of Regge;pqle trajectories

.plays a major role in implementing the basic postulates, épd:tﬁéfdirect

experimental significance of the trajectories is emphasized.
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I. INTRODUCTION

: I‘am going to present to you today an indecently optimistic view of
strong interaction theory. I believe that a major breakthrough has occurred
and that within a relatively short period we are going to achieve a depth of
»understanding of strong interactions fhat a few years ago I, at least, did not
expect to“see within my lifetime. I know that few of you will be convinced
by the arguments to‘be'given here, but I would be masking my feelings if I
were to employ a conventionaily”cgufious attitude in this talk., I am bursting
with‘excifement, as are a numbef of other theorists invthis game ..

i shall give you my view of the current situation eptirely in ﬁgyms
of the éhalytically continued S matrix, because there is no other framewquA.
that I understand for strong interactions. My oldest and dearest friends
tell me that this is a fetish, that field theory is an equally suitable
langﬁage, but to me the basic strong-interaction concepts, simple and
‘beautiful in a pure S-matrix approach, are weird, if not impossible, for
field theory. It must be said, nevertheless, that my own awareness of these
concepts was largely achieved through close collaboration with three great
experts in field theory, M. L. Goldberger, Francis Low{ and Stanley Mandelstam.
Each of these has played a major role in the development of the strong
interaction theory that I shall dfescribe,l even though the language of my
description may-be repugnant to them., Murray Gell-Mann, also, although he

has not actually published a great deal on the analyticity aspects of strong
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interactions, has for many years exerted -a major positive influence both on
the subject and on me;2 his enthusiasm and sharp observations of the past few
months have markedly accelerated the course of events as well as my personal

sense of excitement.

II. THE POSTULATES

5 in the preceding

In addition to the postulateé discussed by Stapp
talk, there are three assumptions underlying the S-matrix theory of strong
interactions;that I shall discuss here. First of all, Frautschi and I
propose extending the maximal analyticity ?ostulate to.angular as vell as
- linear momenﬁa, thereby eliminéting (as I éhall explain later)_the'pOSéibilify
of elementari pzamr't:icfl.es;ll future developments may well'show that éuch a
circumstanée is unavoidable and requires no separate assumption; 'Philosophi-
cally speakiﬁg, I woﬁld motivate both of these maximal analyticity postuléfes
by the principle of "lack of sufficient reésdn.“ It seems natural for ean
S-matrix element to vary smoothly as energies and angles are changed, ana a
natural matﬁematical definition of smoothnéss lies in the concept of |
analyticity. - The fundamental principle therefore is of maximum smoothness.
The S\matrix has only those irregularities necessary to satisfy unitarity.
There is no "reason" for any others. Similarly, as Feynman and Heisenberg
have both emphasized, there is no reason why some particles should be on a
different footing from others. The elementary particle cohceptlis unnecessafy,
at least for baryons and mesons.

Tﬁe sécond assumption may turn'out to be closeiy.related to the first,
perhaps even a conseguence, bﬁt Frautschi and I are using it at present as
an independent principle.5 This is the postulate of maximum strength:

Strong interactions saturate the unitarity condition. Forces in the S-matrix
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framework are bounded .in strength by unitarity, since they are determined by
scattering amplitudes in the crossed reactions reached by analytic continuation.
It is possible, therefofe, to assume that all forces are "as strong as possible"
so as to eliminate dimensionless coupling:parameterS'from»the~theory. I shall
explain: later how this second postulate is applied in practice, and what;are,
some .of its experimental consequences. The final postulate is less satisfying
from.-an aesthetic standpoint but at present seems unavoidéble. It is: The--

quantities isotopic spin (I), strangeness (S) and baryon number (B) are conserved.

Frautschi and I are hopeful that a connection eventually will be found between
this ugly assumption and the preceding two, but at present we- have no proposals
in such a direction.

That the foregoing three postulates, together with those outlined. by
Sféip;*lead to a comélete and self-consistent theory of strong interactions
has not yet been demonstrated--much less has it been shown that they explain
all experiﬁental facts.  No inconsistencies have yet become apparent, however,
.and the sum of the successful experimental predictions is impressive. Predic-
tions both quantitative and qualitative,.based on the postulate of maximal
analytiéity in linear momenta together with the conservation laws, have been
emerging in a steady stream since 1955, when the relevance of dispersion
relations to strong interactions was first recognized., To.date, none of these
predictions has failed. The current wave of excitement, however, .stems from
predictions associated with the postulates of maximum strength and maximal

analyticity in angular momentum. To explain these predictions I must first

tell you about the work of Froissart and of Regge.
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ITT. THE~RESULTS;QF'FROISSART AND REGGE

It was Reggeuwho drewvattentioh to the~possibility.of‘uniqpé'analytic
continuvation in ahguiar momentum, and I shall come quickly to his important .
results for nanelativistic potential scattering. Froissart,.h0wever,‘has
produced the first rigorous results in this connection for the relativistic '
3 matrix}6 Hevcdnsidered processes of the’typev é + b - c;+ d,.wiﬁh'tot&l'
barycentfic‘energy sqﬁared s, conﬁected b& aﬁalytic-continuatioh té twp :
'dther_proceSSes,' a+c—d+b and a + ai» ¢ + b, in which the squared- -.
energies are, réspectiveiy, t and u, wifh s + t + u’= constant. Froissart
‘showed on:the basis of thevMandelstam repreéentation that-an'anélytic.' |
continﬁétion in J (maintaining thé‘unitarity condition for: all real J and
well-behaved at infinity) can be defined for Re J > aﬁax(s) , if theaaéy?pgotic.
behavior of the amplitude for large t  at fixed s is bounded by t max ?’ .
He,also proved that amax(s) K1 for s0 . .In other words,:a large doﬁain
of,analyticity in angular momentum has already been shown to follow frdm
unitarity and meximal analyticity in linear momenta. Now Regge:has.provéd for
potential scattering that there iS‘an‘even larger region of analyticity in J
--at least as large as Re J > - 1/2 --if simple poles are alloﬁed.7 It is
exceedingly tempting to conjecture that the same circumstance will hold -
relativistically, and that the characteristics of the poles in the‘geheralu
case are essentially those deduced by Regge. This conjécture has prdved,
irresistible to at least three independent teams of theorists, Blankenbecler
and Goldberger at Princeton;s Gell-Mann and Zachariasen ét Cal Tech;? and
Frautschi, Mandelstam, and me at Berkeleylo (Frautschi is now at Cornell,
Mandelstam at.Birmingham). Chronologically,si believe that it was Mandelstam

who first noticed the possible importance of Regge poles in the relativistic

S matrix.
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I am confident that there will soon be a proof of J analyticity,
except for poles, throughout the region Re J > 1 for all s , but an
extension to the entire J plane (or even to Re J > O) may not follow
purely from analyticity in linear momenta. The further extension may require
a separate postulate because.physically it amounts to a denial of the existence
of any elementary particles. In order for you to understand this last statement

I must explain certain properties of Regge poles.

IV. PROPERTIES OF REGGE POLES

The most illuminating way to discuss Reggé poles is in terms of the
union of the two complex»variables s and J ., These twé variables characterize
systems of arbitrary multiplicity, so it seems almost certain that analyticity
properties in s and J are common to all Sumatrix elements of the same
internal quantum numbers (not just elements for a + b = c + d), since this
entire subset of elements is coupled by unitarity. In particuiar a pole in
one must be accompanied by a pole in all at the same values of s and J ,
although the residues of corresponding poles in different elements will differ.
According to Regge's analysis of scattering by a superposition of Yukawa
potentials, all poles in the right-half J plane are at least incipiently
connected with bound states and resonances. Any pole may be viewed in the
s plane (perhaps on an unphysical sheet), where its position depends on J s
or in the J plane,. where its position 'ai depends on 8 . In fact, ai(s)
is a real analytic function with a positive definite imaginary part along the
upper side of the physical s cut. The position of a Regge pole necessarily,
therefore, varies with s =-=a circumstance of the utmost importance.

Regge has had nothing to say about the left-half J plane but he

showed that, for a sufficiently attractive potential, as s is increased
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- from -oco along the real axis a succession of poles in the J  plane passes
through the point J & -1/2 and moves to the right along the real 'J axis.
For those values of s below the threshold of the physical scattering region
(i.e., the beginning of the iiéht-hérid cut in the s plane) for which a
particular pole crosses a real positive integer value of angular momentum,’

J = 0,1,2,00+, oOne hé‘s‘ & bound state with this spin. At the threshold ‘energy
each mle moves into the upper-half J"plané but with short-range forces -
continues its rightward éxcursion for some ranggvof-physicél s . If Re ai(s)
crosses any fur?her_posit;ve.integer, ;fgo, Be ai(siM); = M, one has here

& resonance with half width given by

D - I@ aifsi ) : (1)
2 (a Re a,/d 45) ' : :
S,
i 1

In the region of sharp resonances Im-ai is small compared to unity. Where

there occur either bound states (stable particles) or sharp resonances
(metastable particles) one may use the formula

d(a + X ) ,
3 2 . (2)

2

dp

where p is the momentum and- R some average "radius" of the particle.
For sufficiently large energy the trajectory of. each Regge pole is presumed
to turn around and retreat to the left-half J plane. The crossing of integer
Re J on the return.trip does not produce further resonances, since here the N
phase shift is decreasing.

It is clear that if J ooy 1S the maximum-(integer) angular momentum
of a bound state or resonance produced by a given Regge trajectory, then

there will be resonances or bound states for all integer J S Jpax? and one
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has a whole family of part;cles for each trajectory. Because of the general
occurrence of exchange forces, one must ascribe different potentials to odd -
and even J, so that a particular trajectory is relevant only to physical odd
or to physical even values of angular momentum. Nevertheless, for attractive
forces of sufficient strength one may expect to find families of particles
with a common set of internal quantum numbers (B, S, I, etc.) and definite
J périty. The number of family members--or, equivalently, the extent(of the
rightward excursion of the Regge trajectory in the J plane--will inérease with
the strength of the attractive force. Also directly correlated with the
force strength is the number of different trajectories that lead to particlés
--i.e., whose rightward excursion reaches as far as Re J = O. It seems
plausible that for each set of internal guantum numbers there are an infinite
number of Regge trajectories beginning and ending in the left-half J plane,
but that only a few manage to reach the right-half plane for the short-range
forces actually occurring in nature. |

Frautschi and I consider it obvious that any particle associated with
a Regge trajectory is not elementary in the conventional sense, because its
spin (as well as its mass) is a dynamical consequence of the forces.LL To
avold semantic arguments, however, it would be better to say that all |
particles associated with Regge trajectories are on a dynamically equivalent
footing. None is more fundamental than any other.vi[Iﬁcidentally none of the

8,9,10

above-mentioned theorists, vho have fallen in love with Regge poles,

hesitates to apply the notion to baryons, where half odd-integer spins occur

1

-~5B
and where J parity should be defined as (--l)J 27 ,] If one asks what kind
of a pole in the S matrix would be associated with the conventional elementary-

particle concept, it appears to be a pole in s for a definite physical walue

of ..J.:"that has -no analytic econtinuationdn J o The:results of Froissart
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~ show tﬁat such a sinhgularity for JA>:1' is incOnSiéteht:with fhe péstulates
of unitarity and maximal analytiéitY'in linear moménta,6 and furthef'study
may show that such poles are mathematiCaliy'inconsistent-evén for 'J = 0, l/é,
and 1. If one is willing to dssumg maximal'an;lyticity in J , as Frautschi
~and I are doing,LL fhenﬂelementary-pafticle poles-are autométicaily éliminated.
| A further cruCial‘property of_Reggé poles is that each contributes
a term ';Ji(S) to the asymptotic behavior of the amplitude for lafge ‘t_
(the negative square of the momentum tranéfer in the channel where ék'ié
the square of.thévenergy). This circumstance follows from the Soﬁhefféi&-k
Watson contour’repreSentétioﬁ in the complex J plane férﬁthe éﬁplituae.“'n:
A(s,t) .11 This representation diviges: ‘A(s,t) into two parts-wiﬁh different
asymptotiC‘behavior in cos © (ér; equivaléntly,'in t since tﬁécuébske),
The first part is an integral along the vertical line Re J = -'l/é that
vanishes as cos 6 = oo . Thé secoﬁa part consists‘of pole contribufioné that
genérally do not vanish at ;nfinity, these being of the form
B, (s) |

3 svin 3t ai(s) POﬂi(s)(- cos 8) , ) : (3)

Where' di is-the position of thg ith pole‘in the&complex J plane, and Bi

is the residue. Since Ra(z)cij 2% for large z , fhosé.poles,that at

‘any particular energy stand farthest to the right in the J plane control

the asymptotic behavior in t . -Now large t aﬁ finite pdsitiveu_s,_is , g
aiwa&s an unphysical region,“but for s negative one is in thé region of -
forward or backward ﬁigh-energy scattering of a crossed reaction (becauée s
and t have switche‘d.roles)o Thus,,if Regge's analyticity--except for poles
~-~is maintained in the_J ﬁlane for negative as weil'as positive s , then

there follows a magnificently_simple thebry of high-energy scattering.
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Conversely, one has here an elegant experimental tool to trace out Regge

N

trajectories for s <0 .

V. EXPERIMENTAL STATUS OF THE PRINCIPLE OF MAXTMUM STRENGTH

In Fig. 1 is plotted the angular momentum of all particles of baryon'
number less than two, for which spin evidence exists, as a function of the
square of the mass. [I am indebted to Arthur Rosenfeld and Duane Carmony for
preparing this plot.] Each point is supposed ﬁo lie on a Regge trajectory,
but according to the rule of J parity only a few pairs could belong to the
same trajectory. These pairs have been connected with straight lines even
though a strict linear behavior of the trajectories is npt expected. (In
particular'there are singularities at the various physical thresholds, but
Bafut,and Zwanziger have shown that the slope of a trajectory is continuous
in crossing a threshold if at this point Re a, > 1/2 . 12) The uniformity
of the slopes in Fig. 1 is striking, and is perhaps to be understood in terms
of Formula (2) and the plausible notion that all the particles in Fig. 1 are
of about the same "size." The slopes shown are of the order du/ds ~ 1 Bev_2 s
iﬁpiying through Formula (2) a particle "radius" of the order (Qmﬂ)'-l --a
result that will surprise no one. Note that with the femily interval rule
A = 2 , the spacing iﬁ m2 between two members of the same family is
~ 2 Bev2 , 80 in each family only the member of lowest spin has a chance of
being stable. Frequently all members are unstable, and the ABC trajectory
tentatively shown at the bottom may be an example where the maximum of Re «
is achieved before any particles are generated,l5 (In this case the trajectory
almost reaches J = O and one has what is usually called a "virtual_particle.")

The principle of maximum strength depends on the assumption that Regge

trajectories can be continued to the region s £ 0 , where Froissart has proved
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for all trajectories that ai(s) £ 1. His proof depends on the circumstance,
noted above, that in this region t < Elab for a crossed reaction, while af
the‘same time s = - A? , the negative square of momentum transfer. The high-
energy amplitude for the crossed reaction thus contains a contriﬁution
o, (-0°)
& (B,

from a Regge pole located at ai(s) , and Froissart was able to establish -that
physical amplitudes violate unitarity if they increase asymptotically as a -
power of Eiab greater than 1. A glance at Fig. 1 shows that none of the
trajectories associated withbknown particles is likely to reach the Froissart
limit if all»Slopes.are of the order of magnitude 1 Bev-’2 . What then do -
Frautschi and I mean when we speak of a saturation of the unitarity condition?

Ouf moti?ation'lies in fhe fact that total cross sections appear to |
approach constants at high energy, implying an imaginary part of forﬁard
amplitudes o Elab . We have been‘emboldened to conjecture.that a Regge pole
for the quantum numbers of the vacuum is responsible-=with é trajectory such
that a(s=0) = 1. If ai(o) <1 for all other trajectories, then the
various Pomeranchuk conditions for total cross-sections limits are all
automatically satisfied. I shall refer to this top-level trajectory as the
Pomefanchuk trajectory. Only even ihteger J are physical for the Pomeranchuk
'trajectory,~but if its slope is of the order 1 Bev"2 then we may expect it
to produce a spih 2 meson with a mass ~ 1 Bev. Sharp eyes in the audience
will be wondering what happens at s = -1 Bev? where the Pomeranchuk
trajegtory cuts J =0 ; I shall return to this question presently; First

I must give our tentative explanation of ‘'why it is only the vacuum quantum

numbers that saturate Froissart.
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In a detailed study of the =nx * system--where the quantum numbers can
be -I_= 0,1,2  (together with B=0, S =0, and G = 0)--Frautschi,
Mandelstam, and I have shown that the long-range .forces are most attractive
for I = 0, less attractive for I = 1, and perhaps even repulsive for
I=2 .10 This circumstance follows entirely from the crossing matrix, and-
we are conseqpently.inclined to meke the conjecture that generally.forces =
are strongest in systems with the simplest quantum numbers.:vThé more
complicated quaﬁtum numbers, we believe, will usually lead to elements of"
the crossing matrix whose relative signs lack cohefénce.‘ In systems with i
the quantum numbers of the vacuum (I = 0, B =0, S.=0, G=0), all the’
partial contributors to the force add with fhe.same sign, and one:gets the
maximum possible force. For all other sets of guantum numbers thé net forces
are weaker. Since the level of each Regge trajectory in Fig. 1 is correlated
with the strength of the forces acting, such a hypothesis would immediately
explain why only the Pomeranchuk trajectory reaches Froissart's limit.

An examination of the order of trajectory levels in Fig. 1 beaps out
our hypothesis in a satisfactory fashion. There is a clgar tendency for
height of trajectory to be correlated with siﬁplicity of quantum numbers.

" (The top. three trajectories,_for example, have S =0 and B =0 and
I zerq'or one.) Further supgort is given by the circumstance that the oniy
set of quantum numbers for which two separate trajectories manifest themselves
through particles is the guantum numbers of the vacuum (Pomeranchuk énd ABC
trajectories). |

u An&ther qualitative féétufe of Fig. 1 worth noting ié that high-level
trajecfdries rarely occur for PEEE &éiﬁéé of J parity if all other qpqntﬁ@
numﬁefé afé.the seme. Such a ciféﬁméﬁéﬁée is ﬁnderstandéble if we.rememﬁer
that corresponding systems of oPﬁggité J parity have the same ordinary force

but exchange forces of opposite sign. Since exchange and ordinary forces
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are normally of,comparable strength,'thezngt.attractiVe force fpr QEE value
of J parity'vill then'usually be Substantially greater :than for the other.
Quantitatively reliable methods for calculatingfshort-range‘forces
haveﬂyet to}be_developed, but a preliminarylinvestigation‘by Frautschi,
' Mandelstam, and me leads us to believe that although such: forces ‘are crucial
: th?y are mainly:repulsive,lo SOIthat.a less detailed knovledge-shouldfbéuﬁ
needed than fordthe long-range forces-;vhere.guantitative formulas‘in~a'number
of.cases are,already‘available;‘.The current‘scheme"of calculation is:What
Mandelstam and I like to call the "bootstrap";lh Given a generalized potential
.for one channel--ln terms of analytlc contihuation from crossed channels-—one
solves 1ntegral equatlons to find the S matrlx. Wlth the’assumptlons llstedi
above there are no arbltrary parameters s0 far as we can see, except ‘for one
mass to be added to & and c 1n'order to complete the dimensional structure.'
‘Gell-Mahn has predlcted that calculational,prOCedures based.on analyticity‘in
linear momenta (e. g , the Mandelstam representatlon) will soon.be superseded :
by methods that treat Regge poles as prlmary rather than derived aspects of
the theory. I am inclined to agree, .but no such methods have yet been

formulated.

VI. THEORY CF HIGH-ENERGY SCATTERINGd-

Whether“primary or derived in a theoretical sense,‘Regge‘trajectories,
if they have the_properties conjectured; henceforth will dominate the subject
of:strong interactions because of the'direct llght:they shed on experiment.'
Experimenters are going to determine these trajectories just as'theyvhave
determined - phase shifts, the quantltles that heretofore have constltuted the
meetlng ground between strong 1nteractlon theory and experlment° The details

of Fig. 1 will be filled 1n, step by step, for the imaginary as well as the
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real part of ai(s) . The technique for s >0 is obvious and would be
followed even if Regge were not so smart: One looks for both stable particles
and resonances and tries to determine the masses, widths, spins, and internal
quantum numbers. Figure 1 will be of help, of course, in suggesting where .
to look. The spin 2 meson of mass = 7mﬂ ,y belonging to the Pomeranchuk
trajectory, is a good _example.15 Eqpaliy potent experimental tools, however,
are high-energy total and differential scattering cross sections. These will
determine trajectories for s O .

The essential ingredient for a theory of high-energy scattering has
already been stated above in Formula 3%: Each Regge pole contributes in the
crossed amplitude a term that asymptotically is of the form

p,(-&5) | o, (-0F) o, (-2F)

~ (-E,_.) *
sin xa (- 22) lab lab

2
Ai(Elab’A )

(4)

where ai is the position of the pole and Bi the residue. Both ay and

Bi are real for A? >0 . The plus or minus sign in (4) depends on the J

parity of the trajectory.9 The simplest experimental application of Formula

(3) is to total cross sections, which are proportional to E -1 Im A (E ,A?=O),
lab i*7lab

and which will get contributions from trajectories with B=0, S =0, and

IZ = 0 . The highest of these are the Pomeranchuk, p , and ® =--probably

in that order. So one should be able to represent any high-energy total cross

section by the formula

-[1-a (0)] -[1-a (0)]

+w E +oeee

tot
(E n lab

% 1ap) = Pn ten Bigy

(5)
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where the-series'converges more rapidlyvthe hiéher the energy, If further
relevant trajectories exist with a(0) 2 © ﬁhey should. of course be |
included (e,gb;vthe ABC tfajeétory)° There are many relafiohs*between fhe
résidues in différent'amplitudes that are now beingﬁstudied° Udgaonkar has
looked at the: NN, xN, and Kl\T'_combinationsa16 As an illustration of the
power  of this approach; he fihds for the NN “cross sections fhe folloWihg
connections:

. ~(3~a (0)) - ~(1-a (0))
= Py * P Frap " Oy ey 0T

L (1af0)) ;(1%(0)) L

np lab) NN P Elab - wNN B ab

-(1-a (0)) -(1-a (0))
o Frap’ T Py T Py Faap * O Frap B

| (1@ (0)) -(1-a, (0))
Py ¥ P Baap * O Fran o

(6)

]

-

(The'signs of all the coefficients here are probably positive.) Experimenters
may use formulas Qf this typeijust as they use phase shift expansions and

: determine»empirically the real parameters appearing therein. There is reason
. to believe that such asymptotic expressionsvshould“be usable almost as .soon
as one gets beyond the resonance region, i.e., above about 2 Bev. _Udgaonkar‘
is currently anélyzing-existing ﬁotal cross-section data on this basis, but.
more particle combinations and much greéter experimental accuracy must be .
rachieved before the poteqtialities of such formulas are fulfilled.

For examplé, one especially simple application isolates ap(o) :
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=15-.
‘ o : .—(l-a (O))
o tot(E ) - o tot(E ) ~ 2 0. E .
P lab’ np lab NN lab . .
(10.(0)) (7
ot ‘ , -(1-a (O ,
+t0t(E1 p) - -tOt(El p) = 2 Py Biap ° y
atp a % p a ¢ a

Udgaonkar finds that existing data are consistent witﬁ dé(d).z i/éy,‘a “’“
result that would follow if the slope of the p trajectory‘ie.ef the order

1 Bev“2 ; but experiments need drastic 1mprovement before the energy dependence
(7) can be definitely establlshed and a value for « (O) determlned..

A second application of Formula (4) is to hlgh-energy dlfferentlal
cross sections for processes of the type a+b—~rc+d, which w1ll have
peaks in the forward direction due to Regge poles in the channel a‘+ c -~ b + 4,
and 1n the backward direction due to poles in the channel a + d->%b + c.
These applicatlons have been studied in some detail by Frautschl, Gell~Mann,
annc.iviachariaseﬁ.9 A careful measurement of the shape and eﬁergy dependence
of these peaks evidently will yield both the residues and the positiens of
the relevant Regge poles forba continuous range of negative s .. The most
prominent peak is for elastic sCatfering in the forward direction, and is
dominated by the.Pomeranchuk trajectory. Keeping only this contribution one

finds

dg &t S -2 1-a (-6%) ]
Gn ~ 1 n ( ) B aP ) . (8)

an? 161 sing[ﬂaP(-A?)/é] 1ab

Fitting to recent CERN data on pp elastic scattering, Frautschi, et al.

find,thatv‘aP(-A?) decreases smoothly with increasing A? , and probably
o | 9

goes negative at A? ~ 1 Bevg_, as_indicated in Fig. 1. Now Formula (8)

blows up when « (-A ) =0 unless at the same time the residue Pn vanishes-
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linearly with aP . Prgsﬁmably such a vanishing bccurs,vsince an infinite
cfbss section is neither toleréted‘by unitarity nor observed experimentally.
- Gell-Mann likes to interpret the simultaneous vanishing at negative s of
: . . : . b
.'Q@(S> and all the residﬁes of this Pomeranchuk Regge-pole as meaning that
there is a fundamental spin-zero ghost particle of imaginary mass (é l'Be& i),
with the quantum numbers of the vacuum but zerb coﬁpling‘to éll pﬁysical'
systemsf: I'prefef,not to uée_such langﬁage, but;ther? is noldifferéﬁce in
ouf attitudes. toward the thSiés. The POmefanchuk tréjectory manages to cross
J = O‘ at negative s 'withéuf disaster for thé S matrix.

ﬁormula (8) is rémérkable in that it predicts an indefinite 1ogarithmic
.decgease-with energy in the width of the diffraétign peak, and fhusvin the
‘ratio one%/&ntét'. For many months Frautschi and T felt this ciréumétance

to be so unreasonable that we were unwilling to ascribe diffraction scaftering

to a Regge trajectory. However, a related'property of (8) is that at fixed

Elab there is an exponéntial decrease with A? so long as dP(}A?) continues
to_fall, This featuré also is contrary to a classical picture of diffraction
9

scgttering, but it is clearly observed.in elastic pp experiments. Lovela?e
has pointed out that such exponential behavior also occuré for =np elastic
scattering,15 so the nonclassical.aspects of Formula (8) have to be taken
seriously. No one yet is sure as to what interpretation should be given to
an asymptotic logarithmic_vanishing of the elastic cross section, but we
believe that it is going to bé observed experimentally,

An important remark about Formula (4) is due to'Ffautschi;lL He
pointed 6ut that_high-énergy forward and backward peaks must be a conseguence
of coherence in the scattering, and the strength bf a peak, i.e., the valué"

of ai(O), should increase with the degree of coherence. This‘notion fits
perfectly with the earlier hypothesis that height of trajectory isfcorrelated.

with simplicity of quantum numbers. Maximum coherence should be and is
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achieved by scattering with exchange of the vacuum quantum numbers. As the
exchanged quantum numbers become more complicated the degree of coherence

decreases and ai(O) becomes smaller.

~VII. CONCLUSION

One of the most attractive aspects of S-matrii theory is that checks
with.experiment are possible at many different levels and do not require a
complete solution of the dynamical equations. We shall, in fact, never have
a complete solution; it would be far'too complicated, since all particlés
wéuld have to bé considered simultaneously. It may be that an approximation
isolating a few of the top~-level Regge trajectories will make sense, so that
a few mass ratios can be roughly calculated; that remains to be seeh. One
need not wait for such a development, however, to join the fun. This report
has only scratched the surface of possible céntacts between theory and
experiment, and I am convinced that a wild period of merrymaking lies-befqre
us. All the physicists who never learned field theory can get in the game,
and experimenters are as likely to come up with important ideas as are
theorists. Tﬁey may even have an advantage over us.

An inévitable qpestion‘at this point is, 'What about electromagnetism
and weak interactionsé" I personally have not developed strong convictions
on this question, but i do not see how leptons and the photon can emerge from
the principles enunciated here. One may imagine, in fact, that leptons and
weak interactions. represent a deficiency in one or more of these principles
that will become a major effect in some experimental domain of the future.
Had we known of hyperfine structure in thé early days of atomic physics,

however, it would have been a mistake to insist that any theory should explain
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the effect. Historically, all dynamical theories in physics have had
limitations on their domain of validity, no matter how general they seemed

when they were proposed. We must not be too greedy.

Note Added:

After preparation of this manuscript I became aware of an article by
V. N. Gribov, JETP 41, 2(8), (1961), which discusses the importance:of_the

Pomeranchuk trajectory in high energy scattering.
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FIGURE CAPTION
Fige 1. The apin of strbngly-interacting particles of baryon mumber less than
two plotited ageinst the souare of the mass. Points conjectured to
lie on the same Regge trajectories are connected by- straight lines,
but a strictly linear behavior of the trajectorieé is not to be

infervred.,



0 500 700 900 1100 1300 1500 1700 1900
LI I B B B B T T T | T T T T ——
March 1962 4 I _ L S
7 A9
2 / / & _
parity,G(if applicable Qe
Xisospin (J T :),/ Mass ) /“\("‘\'L 0
3 = e AN
. x Q-
Strangeness.|Meson Baryon // /o8 (’\‘b‘
, /S %
0] (@) ) / x D 1o
é : / v
2 & 7 SN/
/
/ 2 /< /\ Q //
2 %) 0O O\~
J / 2 :‘{L/@Q’/\D‘Ofgj bQ’O\
° \q, x 3 A P\
y; Yov, S o N > */C’:‘b}
A S SaateSoa o —
2 05 7
RN
NS
l/é._____oo_, Q)\ / N 7/ %\
Ve I G
AN W Ax . >
0 / \\\} v NG \\W
: ‘\\)\w/ 1 — _V] AL ?
o“o / 2 99\ D‘q@ b@o P
QI‘ I‘\ O/ h /x‘
&/ §* 99 /
Qo > % é
4 §:—AO$J i 1 I l R 4 J SN TSR T | L I 1 P
- =D 05 | 15 > 25 25
ég Mass squared ( Bev?2 )
v MUB-963

Mass (Mev)

Fig. 1

_aa-



~

This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, 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 information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, 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 Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.



