
LECTURES ON

AN INTRODUCTION TO

COMPLEX ANGULAR MOMENTUM, REGGE POLES,

AND HIGH ENERGY SCATTERING.



THE INSTITUTE OF MATHEMATICAL SCIENCES
MADRAS·4 (India)

An Introduction to
Complex. '1\Ili§1.1.1nr Momentum, Re'i,'::-3 Po 12 S.

Lectures by
.jc

K. RAMjJl]"

* Senior Research Fellow of the Departnent of Atomic ~nergy,
Government of India.



P:q:SPACE._._._---
series of J.2 introductory

these lectures we give a critical survey of the basic ideas of

the subject and. of the experimental observations from whih these
I'

Lecture I is a general j.ntroduction to the idea of

complex angular p'lOment,c.. Tn lect"t..i..:'8s II - V 'Ne give an account

of Reg2:e's origiYlal work on potential iJcattering
1

follow!1.pg

closely the pape~c by :Bottino? Longoni 7 and Regge. LNuovo eim. ~)

({54 (1962)~ Lectures VI - IX deal with high-energy

diffraction scattering; slbarting with the work by A•. Salam and
.

P. 'i' •Matthews Oil dispe2:'si'JYl relations and the optie3.1 model of

diffraction scattering we consider in detail the modification of
'VI..

the semi-classical pidmre proposed by Lovelace, and fii ally see

hO'Ninformation 8.hout the variOll;J Regge trajectories could be

obtained from an analysis of high-energy data, if there were ho

branch cuts in the angular momentumplane.
it;

Lecture X gives an ac~ount of the exyension (to Re i

(. -i·) of the Regge representation proposed by Ivlandelstam;

~. follow closely 11andelastm's paper

In lectr!re XI, we discuss in detaLL the conject1il..iUesby

Fraut~chi, Gell-I1IalYJ.nand Zacharisen on carrying over the re-

suIts of potential scatteriug to a relativisti~ theory.

Finally, in lecture XIl1 we begin considering' how

Regge poles could be obtained from a relativisti. theory.

After briefly indicating why one should introduce the conc~pt of

Regge poles into a relatiVistic theory,
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variables chosen are

th I 1<'2ey are /) ==.L.J

~ and cos e; in tl'l3 relativistic theory,

and t = the (4-mo~entum tran~fer)2. ~h8

thus to cOflsider it as c function Jf comDlex ~ and complex cos 8,

a prescri,tion is need~d to make the ne0essary analytic eontinuati9n,

i. e. the vRriolls singulr ri ties in the Droduet 0 f the E plane and

the C!os 8 pl;;lDe must be knJl n. ~'Je enquire whether it is meaningful

to consider a continuation in ~ome 9air of variables other than E

one thpt predicts the behaviour of the sc~ttering amplitude and gives

The -Concept 0 f Complex J~ngular l1omentum.

The considerc:,tion 0 f the 9-m:;,trix S (t, '"')as a func +- ion

extension designed to gi7e a ~ore compl.pte understandirtg of the proper

ties 0 f the function S ( t , E ).. HOl,vever, ',,,,hen complex values 0 f

the variables are associat!-'d '...r.1th a uhy;sical state, it is desirable to

.have SOme interDretation 0 f the re.al and imagin?,ry part S Ot/th{':>vcria'1le



( i.04 not just thn stati-
~J- b d :t~{,d (
~ L. ':.lay 0 os r"o nD,l-rola-omary time-do;)GrJdcnC'r") e;( p. i f£ t ).

J{ (CfJ~ t) __T._r. (c: t )
J \. U' j

~UDryOSe tho wave furiction ~eprosG~ts ~ho sjmnlcst typo of docRying
,

stRte-- .g~ n~nononti:111v dO'"'~'Ting st",::o~ then th0 ti!'!1o dooondonC'o will

--d; re-
D ot-.~

-J.. T't
.J

(d'ecaying) s t;;:, 1::8 J n:ay be ohtaino.d as
·e )'\,

oqu,'3tj.')n 'I."tth c:)(;l:Jlox ei~~values~

}t cet, t)
by 'In equivalent ti(1'J·~indoDoniont (i.e. IstqtiDn~ryt)

-t 11
H~~il~oni8n. ~ho ~oal n~rt of tho oia~valun~

Ii'! .

( I; )



11N'v (' - (--
dt

( ,_I ••
~ 'U /

energy values of bound states (or more generally, those of a
particle in a finite box) being ~llowed a continuum of values in

~ ~ .classlo<:"('mech~:;~but only a discrete set of values in Q.M. For a
real particle occuDying on(~ of the discrete energ'! levels EL in

~
a box, the allowed momentum ~rv

the particle. We can still conceive of particles with unphysical
energies (aot in the discrete s~t) when they appear as exchanged

Ey a somewhat superficial analogy we maY alsO conceive of
particles having physical values of J when they appear as

emchanged particles." -



Alternatively, if ODO~asDlvos tho omnlitude cDrrnsooDdin~ to the
cxchang8 of an unDhysieal J valuo into its projections an physical

J v81ues, one may cnns ider tho exe hang;c of ::1 partie 10 of unphys i~ ~1

J gS oquiv~d_arlt to the oxchAn::r,C'of a fAmily of narticl<.::s of

nhysieal J

lated to tho 8XP0ctqti'Jn vgl~os r')"~ a na~i'" of eanonicBlly conjugate vari-

ables i viz. £'3nc. t , :ho 'J of a eomnlox anguL:u momentum ean be

ep."1r , whieh are ean-

C::msijer a l.v::J,v'J:"'mc:ti?tl cnT',70snp-[vli'1'Y. to a stgte with a definite
R Y'" -e l ~ ~ ')0'1. f Ih -", c.l ~-"Y\.. 0 r , ,J" ~ y- ,~_ ): y .

&ngulel' rno'll~ntum.; l.C.A, T~is :Y'- rJ{J :)'-)s8~l.q"ted ,,~~ ~ p"'lrtiole mOTing

i'1 '3 closer'! orbit. 1'he 8n~le co')!'r'!--;-'1;:r, 'j! thi.s "}~ri-iC'lo is cOffiDlotoly

uncC1:tain; tl--w ,.rave functi')n is ')" +;h;,oCjrm. (as3uming it to bo axi-

. \(j )
;."'; I ;

where f 'j 13 ' 1)
~igGn-v8luo of .J l'

t (r, "Y~ <P)



d::>cs not indefini toly go l:'jund in tho sar:w arbi t; .qs ¢ incroases 9

..
the Drobability ')f the particle )!is beio;· in tho er'bit decreases; thus

01'\-" of
ODe may VisuAlize ~n orbit of the f~r~~sr~wn (as~mptotie orbits)J....

L'; wv)":- ~
. Lr-L LJ f

13 t!1us ~~vorsely relatedrhe width of the state
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A sma 11 in erg s e,.

l'hU.3 ;; (;'>rnnlex "alue 01' (3 may be inteY'-
,

momentum is just an unusual ~~nr~snrtnti~n of something that
()v '" ~ lA; 'rv J,.

0Tonagation Df Y'adiofa~ili·r. So~~erfcl~ q~~li8~ it to theit l~5 oJ SO X;~i' r., lfr () pJ c ~ d ~
Ato ~~ticRl d'~?r~cti,,~: ~D~ thinks ~~ a li~ht ral following the sur-

o

9arametcr Y'on~esent~tj.o~.
~A ros~nancc may 00 thought o~ as " "t-. to in w"ich two nartJcJ os

srbit around eRch ~ther oar s~rno time and than senarate; thus we -may
oxne~t th9t A resonance may be described by a CO~~lDX angnlar momontum •..,..



- I
state, Yv p

If tho ros;ll:.~,~t sr..~t~erinf C:)lllri bo ::)'1'1~'''''xi'''1gtGd by
......-

exch<1nge :;P ::j sin(}'lo T),qrtil 10 :)i~ ~nC:;ll~_n'C'1-;'>~'?~;tumJ

that, in o:encral, J will not l);wo ....YJ:i.:vs1cql vAlue; moreover, it~ :c,qy •

VR.'fy with the 'IlomelJtl;01 t2:'R.r:!sfer c8rrie0 b:1 the exch,w .....od state. Regge

0-""ros;:;rri'1cos.

US'"', it is I')':: c:l('~1~~h'),.j ")"O:""ticLo, of' _::'Jin ':;T'e~tcr thew~-
o INfcL

s h~"l be trc.q tod ir: a rc:l? +:i v ~s -J:i,-' f'jo 10 ~ .-:!ory; v:>ert:.lrba ti ::m theorio s

(.H+i) [i';rfe_IJp.L(~).J
dL'

~' Coo e JO (6)
r)



Reg~c showed th2t this amplitude could be continued into

the comple'C { p18ne (kee)ing E or .:u fixed) for Eet ":> - i, for 2.

certain class of potentiaL), In the ~ ~lane, .fl, (CV, 1y ) h8s only

poles; for E < 0, the Doles Ii? :)n the real t axi s, i.,rhereR.s for
E > CO, they are at comnlox -e V? lues, rp

.8 21fl] Ii tude may be v,!rit ten

'P-e- (. ~i')

---1£--)rv 11 -t

r
of tfE) (ryJr)

pM JOG kv<f~~<4 I ]

The integral: -I- ° as ()-I ~~' @/-I-_, Tho- pole contributions

survive as (~'-I- 00, o(i (E) is the position of the it!: pole

in the complex angular mozumtum ;:Jlr~ne, These .:;oles are the
(l ~1

)Regge poles>; for E < 0, they correspond to hound states; for

S > 0, they corres~ond to ~~son~~ces,

N..:;ara pole ). :::::..y\/ ,

I (rY _

A (,)\, Qi..e ) '1{ (€ - "A.) C:- i) v--

One can write the pole tFTd~ in (7) as

£[
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SCltt8rin'~
) At high 0 n e r 's i e s ,t ~0. e J ,13 t:; i':' Ia 'J ~ 1it' 1"1n l S

rrN scatt0ri~}"~, :h' ,: is truG t.,.,~·~::>b'Jt1t 1..5

v

,tal cross-)8<~tir;,,:,s \'110.11. '2hey ,q13~' 2;::'ve tl:o- c-:]ss-secti:)no for in-

lastic DraceS''"98 \'0l1~ ':':!inJ.y'''1;,t;y',,:? r)T'('C0~"(!S f'ar wh~ch thero are
~ }\. L~\.-e:. (.., Y'f'··'1...?J ~

Dv!ell-se'8"'''''1t0'4~;''',I''r(1 ~r;" hlC!{",,,,'-"l .. c')no~, i.e. 'J!hen the two-centres
J /-...

"I
/ \ ..:..-C f?; ,.' (,) )

I- (Tl -I) \o \.r<. ':f,}

~R,in terms of 2-D8rt:Lcle chann()l~ c/... (in th, 2"'r>article ~~nroximation),
0,5
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We have, from tho DArtial-wave oxnqosion,
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(17a)

(17b)r, in terms of t , at

.e IIfeak wi4th" fl'lay he lcfino4 by 8,

e rans:;e
2

ansfer)

R of the interacti~n ~ay be connected with the (4-ffiomentum

Lj'- in the interAction roughly by a re18tion of t"'e type

l
~ be~~ "'Ii.cr-hrt'cJd . 17'] thO' "'Trra S s; :r.f:- t-rrc ~lT:h;httrst -pa-rt':tcle' theft may -be -exCh-

;ed tn .trm ±nt-erA<;ti'~;- - 'Th't1g>C"f'or- Nkr'S~t7t~,. w~;dxm ct
z.. 2.-

1-\ I /V - h'\.-,- Ov ~ I,
Experimentally, there is n~ reas~n why elementary Darticles should be

ave like hlack sphGres; hO'iJe'Jer, ',4e may oxpect that
~ l' (e: j > /' R-e. T ( E) .

.aking an average value of the rolev~,nt at. ( -t < .e1'v'-o-Y )to be '§h one ob-

ains

. .et~ -:: Cc t I! J1 ( (7 R hV' g j
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si~es the main ~iffraetion peak, there are 81s8 a series 8f subsirl.iary

~f7'raeti')n pea ks.

Consider the seqtterin-s :::Jf systems like (rn) ":hieh are n8t in

~e isospin states~ Then there will be elRstic ani chqr~e-exchange
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.-f,- {J --r- I..i

Tr ~0'
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rt in, general, q~Dr0eiablA ~~~-~e-nxchln~8 seatte~inJ is 8xuecte4.
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,r a blae k sUhere, this ~ () fl. , I
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oerimental r'lqta j.D thi s e:::Jrnection are D:::Jtvery cleC}l'" F8r, SC?3ttering,
I'-

,_ to'\: G~au Darr'lel's exneriments seem to sljow th,qt "'3' .~ 0"",
/2. 'I;.



The energy-r1enerYlence of chArge-exch,wge scattering is irrlDortant}

as it will enable us to fint) out whethor high-energy r1iff'racti::m scatter··

are the ~:mes that r'letormino el,qstic r1if.'-f'rgction scattering.
~OW r

We· .. >- show, follQwing' Ma~hp-",]s 8:-:-1Sa lam, that from r1ispersiQn
r·

relat'ions, it is DQssible to r'!eriv 0 "n .'1pDrQxi'1f1t~ exnrossion for high-

energy e18stic sc,qtterin2' th"lt is of the ,-Uffraction form.

Norl1alizG T SQ that
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& obtain 1wv ] , write a 1ispersion relation for fixe~, small

where }Ie, and {}v ( Are the thresholrteonorgies in the ~ and u..-

c~nnels re~pectively.
'or larrse pos l \:v v~ ne~Ative ~ , since

J1> -t. t t LAv -:::- !L ( 1'1 ~ Iv\- t) )
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Jo01(.(2., T t: ( ,') ~ /
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e may expect thAt the main contrihution comes from the neighbourhoo~

,r the sin~ularity in the first inte~rAl. We hAve assume~ that at such

~igh enerlSies there ~He no resona-' ces, so thAt Dole terms (occurring 8t
'y{V

:ow energies) will be un~portant. 1\ls 0 neglec t the 2nd integra lover IA..•

.0 '1etermine ~ T for lArge )) 'i use -::he si'1g1o-v8riAble 'hspersLm

.elA ti '")n for fixe0 ....0

I
0"··~·"'·

jA( .1). u...

).

n~ 'Jf the orr'ler 0 f' - r
C\ ( ,<A .2, ~ 2 )' . /_.
-L ; I I 1--1.-, - l-~

~, (.('1 '-+ jJv i) -I- /~-l2,,_ ~ ~

J r7,.... a"bd ne~ativc.

The first Dole term may be eXDecte~ to dominAte; thus we hAve
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·,ismay be written in the ·iiffr~cti)n f:::>rm
e ,..... I 1vith R "-' II beina the rrWe:e of the interacti:::>n.'h-va.. )f. "-' ~ 1<. '", '" / F ':> ,

Thus the ahove cru1e aDDroximati:::>nt:::>the ~is~rsi:::>nrelations gives

\We mu~t n:::>wask fuow the :::>nticalthe:::>ryof ~ifPraction sCAttering

1irlywell for 'IT p ano 1')1) scattcrinc:~ if we tAke
. '1 IR~V.uJ/o--rvcL ~:::._~ ~~'

I cr r::.TC -J

~ value of t corresponding to the first minimum :::>utsidethe forward

he ~iffracti:::>nregion awl are unDhysical.
The theory ~ives too large a value for the wiie-angle scatterin~?

!~s certain analytic properties ( ~s a consequence of the Mandelstam
The ootical aDnr~xi~1ti~n ampliturle does not have these

\

1 Recent experiments sh:::>wa behqviour sP the diffraction peaks with



Experiments on p p scatterinE; sho T thqt the tlbtal cross-section

~ a constant, A1)Ollt40 ~, from 10-28 Gev (lAb), but the l.vir1th
t

~ the diffeaction peak iecreases logarithmically with increasing
9 A (9. t) _ AI t) ~ 0( (tJ _ (31 t) --e d- ltJ.£\ict 4

/'VV ~/,) ~ ~ r'-, ""- f I.-

t lar1Se h, ~~ j:)

J
cL,& [~CZ ~ ]

0\(0) 1 lear:-1s to () "J' constant at high energy.tot' .--J

The wi1th of the iiffraction peak may be ~efinej as the change

~"::-_': tor 00\ e require'1 fOT'the amDlitu le or cross-section to come

'~wn to' some specifie1 fractio'J of its 'Jeak v::llue, say J- , for
rv

I '-;- A l~. r)u )

A(JJ,o) 0( (0) = I.

Q\1~ 1\ C ~ , 0) -- -&00 1\ (/S J t I) -;::. iv~ Y\I

[ ~(0 ] - [ci(C-I) -IJ tJtp - -&cr)'V #

~

I--eo~~
t < o _



(:1 decreases t'J more ner:;Ati':]e values, 0<.(t-I) also ~ecre::Jses,

an"l conversely.

From the expeession above, d{I::'I)r'lecre3ses logArithmically with

,& ; thus for smAll b,
putting

o<\t I) 0( Coj + tl (c{j
dt t =--0

~ 0<,(0) + c r I
)

ftJ ~
t, also

fir1th of

a constant,

•. i. e. U;he"1ecreases lOC;Rrithrhically wi th increasing <5
the diffraction pattern iecreases as

~his shrinkinf; of the 1iffraction peak, i.e. the iecrease in 61yvgt,)("

10es not CAuse any immer'liate difficulty, as one might say it corresponds

_ (~1\ RZ) C0 it means tha t wi th increp. sing Icmcr~y, the opa~lty
tt -~ )
parameter.§. rnttst ·"3.ecTease, i.e. the iiifrActiniS 'Jb.ject must become more

aorl more transparent. Such an ?,bserVin;s suhere whose rar'lius and trans-



High-Energy DiffrRcti~n SCAtterin~an~ Regge Poles.e c ol,d ' c,L)

Last time we c~mDRre0 the ~bserve~ features of high-energy diffra-

J\s we shcntJer'1in an earlier lecture, f~r potenti,gl scattering, the

reattering amnlitude has the asymntotic behAviour

t
cf... (/))

A (/i, 1:') ~ ~())) ) t- --7 dJ

, .
.~ domain of interest in 1ifDracti~n sCRttering is thAt of high energy

(i.e. large s) AnrJ low rn~rnentum trAnsfer (Le. sm,gll t). Mandelstam

o:)inted out thR t in re lAti vi stic 2 ....b~dy sca tter ing with eros sing

(1) , corresponr'ls to hi:zh ~gy in the thirrJ crosse1 reaction.

~hus one may e~njecture th.qt, in the relRtivistic cFlse, the asymntotie

Wri tine;
~(t)J>



T(A,t)

uppose

:' ~/

.f L ~ /, t) behave"l badly. as t -"')of] , for some value

( This would mean diver~ence at high ener~ies in the crossen.

f C</, t)
t , but of'

Accor1in~ to (8a), the a~Dlitu~G qn1 frequency of the oscil19tions

ncrease with ener::;Yi thus the T)ositivG 1n1 ne,;,1tive Deaks in the double

!lectrAl -f'unction in (3) will. te:vl to ~an(' ~J.l as ( A / - ~

~mes l8r ~er, i. e. a s ~ is fl1rthC"r, n:urt her removen from the double

ectral re~i~n. T~us wi1e-an,!lo 3c~~~cr~n~ vauld be strongly supprcsse1.

(4)

(5)
L

E <0

'P-e ( \.A}j,8)

lE~ f-e,)



lE - E-t)

L - dv ( 7<fc£L) / _- ~
dE E ~4

(6b)

's Ii'l 00 Pry. ( ~) "-J 1J'eX: ; the integral~

~ 0 as - '/2. or f8ster, anilthe D~le terms d~minate.
~

A l~,E )
cJ... ••: C E )

~

SUDDose we c~nsiier the ra~i~n where 8ne Dole is dominant; say
0< l-- L t~) -::.. j

?rom unitarity, the S-matrix -5 s~tisfies
S (~ ) SJ( ( 1~) -==- ) ,



O~ 60 ~/
[ -€ -- «( ~)]

-v (9a)
.hus the var~:)us vglues of 6~ w-~~ 1J 0, I , ~:J - r woulr1 be given

'}

(e.~. see Lovelace: Nuov:) Cim. 25~ 030
(1'1(,.2))

E varies, the positi:)n of the D:)le,

cx:eE) ~ -e~
cA(6) ,

o h f~. 90 , ani weave a resonance or
1 & 2:o.

may be pictured

s the !'angular veloci ty" of the Dole at ros:)nanC8. ±t can be zero

S-t = 0



'''hereC (~) is deter~iner1 by the (;')nriition th.gt 8S t -7 f 00 ) a-e. --3> 0,
/

rJ.... C lJ.» CAn be (1 8r1uced from the Dhysic A 1 J-t

bar~ier; thus the above will not be valid when the contrifu~al barrier
is imnortant, i.e. ?or small St

Also above the inelastic thresholl, the ab07e representation

are then not at conjugate Doints. wor.g resonance, now, the pole, phy-
sical Doint anr'lzero must all the lie on A strai~ht line (in thet-plane
But the Dole determines the asymptotic beh.gviour.

C.D.D. Poles: If for F '/0 , a Re~iSe pole crosses the
real ~ - axis ne~u a physical Doint (inte<sral..e), then d-e JO at
that point; S - i These cnrrespond to ~ D $' zeros; in~ 1> ~ \.J • • ~ •

the Jost representati:::mof S-m.gtrix in terms of the rAtio F (;' ~ 'R)
f ('A,--*))

both t he numerator and denominator hAve a zero. C.D.D zeros corresDoncl
to poles that are inr'lependentof the'dynamics of the seattering system;
they may be interpreter'las unstable pArticles independent of the forces
responsible for the scattering but hAvin~ the same quantum numbers as

Since a Dotential, by ~efinitiDn, includes only the interacti')n,
there can be no C.D.D. zero in pot~ntial sC8tteriniSl thus here, all

E<O



Consirjer the t channeL Bec8use the pions are bosans, the ampli-
tude will be even or orJtl.under r I ~ 1'/3 (or ~ ~ lA...- )

according as the isospin I is even or ond., (Here, --&;: ( r,+ P l.J 2..~

Tr C ~ 7 t~~) A ( t, --s) + A l(;~u)

2 ~ A-t(t) {~ (/-t- .2-3 2.) + ~({ +- .2u- -t--Jj
.t .J t- L,"yYV t - LI 'W'-

<1 I A { t.---'f1-e '1J ( . ..< u- ) ~
LJ -;; .Q, (t) P-t (r -r .2<3 J.+ ~ f-e -I - t-_I-~ J ~
.Q., t'- [,WI.t.- -- '1

1
i.e. only even or ork! .t waves appeAr according as l- I ) is even
or odd.

Suppose we assume that AS for a Dotenti8l, the sin~le pgrticle
stAtes and resonant states with the s~ffiequantum numbers occurring in
a mrticular sCAtterins system a~e dynamically related (assuming ~here
a~e no C.D.D. ~poles), then we may conjecture that the scattering ampli-
tu~e is ~iven by an expression analogous to that for potential scatter-



k 5(,-~l"-

rajectory

/
C rr olLit ) 7

+...fi, .-Jis known as the "signature" of the Regge[I
0{ ~(t)

cattering Bmplitu~es, AS the presence af an exchan~e potential will
Ne rise to B term thgt alternqtes in siron at successive physical Jr

Bound st~tes occur when
~, oL v- C t --)j ~ 1, y

~ must be even or odd acco~~in~ to the signature of
d- L(t)

t )', , l-t

s the signature is positive for qll Reg~G
~J"(,~-{.
"-,l'.1 ! I• ~ vvA- L~ .k ,..t ( ,X.JI

C, '

:1':'lissarthBs prover'!that for

vJL tJ-- .R -.I~ I
.•.n...~_J........J.- -,_~-.fL- ~

IS t -') 0-
Is m~imum. [x....~)J

~)<



mioAnt Dole to hAve 0<(0) .:::- I

1wv rc~ 7 0 )

-- ~) T{A:;O)-~- ~

_f P-pCt) J rftv Ii J.p C. C ) '~1>(t:) of.--p ((- ) -J..g
..-&

~ ~)'V rrr c£lt ) --- (-p(t )-~ •

) ~') e-f o<-p (0) :::. j
t -10 -

±t 1s thus altJ~active to assume that such a Dole called the Pomer-

t8rpret this by saying thAt stroni; intergcti:)ns saturate unit,grity

e~ they have the maximum strensth c:)n~stent with uni tAri ty ( since

~) 'as this maximum vAlue) -- fhe PrinciDle :)f Ma~m strength for
r:m In te!:.a.c t ::i :) ns •

fp ';::.- (~p (0) » «-p(t)

~? ( 0) ::::.()'r;t (00) -'

- .1f(



· -: 0, S; -:.. 0) B -=-C}, (7:-~ -+ I

erinlS in 2,11 systems. It
k ---/-0
:1!lS ...1-/-

Imme4iate c8nsequences of the ab8ve bypotheses are that
(i~ The 1st Pomeranchuk theorem ho1~s,
(ii) Dif?erent scat~e~in~ systems will show the same high-energy

behaviour (for only the Qou~ling to the P8meranchuk trajec-

(iii) The 2n1 Pomeranchuk
( 0-/\ 13 - of. 13 )

or Mrtic1e and !3nti-DArtlcle

tory can be 1ifferent; eX (t) is always the same) •.
'P.

theorem, that
-) 0, ..-.8~ oC1./

scatterin~ cross-secti8ns are the same,

IE -/ ~B is just the 2nd crossc1 reaction, or the l.-V reaction,if
lB -7 AB is the ~ reaction,

,t?l)-) - f pet) [p ((41e(;) T ? (-e<"j(9e:J).- cl-p (t).
.i 5 t.#v 'If oL-p <vt) "S>(t)

PeL- (c:4\ f) ha s a branch cut in the 0( - plane from 0( -= - 00

10 eJ.;.-:::-1 along the real axis, with ~iscontinuity ~t.-(rWl.17.c:J..J tC-Cdj(3c)
.hm.s in the ~ chrcwne1, where G01 etJ -=: (+, ~ 2 > I . ~1 70.zr. I "./ .J ' /"> ..>

"lit:

nly the 2nd term in ( ) c8ntributes to gwv 1 ~
J

~ T ~ - I.' 01'(t) Pol (t) ( ~ B t') . -
l'

n the lL channel, where ,...A e -= - r - ~ < - I ~\.» J (-- J....qj J_ ...•••



1wvT

P ( e.-01 e (-)
d... p (0)

Gl1 (- ~ 0

ci-j>(O) =..1) /

, the total cross-seetions (relAted to 1wv T by the

optical theorem) will be the same in the ~ an0 ~ channels, i.e. for

(A t B) and (n +B) elAstic Scattering.

1N'etherell has analyser} the p p scatterin~iqta and r3erJuccc the form

of the dependence of ci.r>(t)

Wehave already noter} that

0- =-f-L T ( cLa- L,rr ria { T I L, - - ~
J}... ~TI vJ cl.A.r ~J ~JL "TI 4.A

/"J ~(~ T( ~ ( (cr- I 2- for [- -::6,...... --4A 1G1T t:;.{' J )

Las ~ ~cFJ/

Fo{' t :f 0 ~ -r - ~ ~-c ~ ( ~ , L-)) .,

of t for fixer'l -.&

, plot i:3: as a function
oU-

A rapir'l increase in the slope of the curves is

obt9ineil on a IOfS<3rithmic Dlot. It is f'JL~nd that at larl:;e ...6 -' ~ C.-j.J ()



~~J
tJ~·~)

0< (t) --) i thus tho de~er1'1enCe of cLcr- on
d-J..-

t -'i 0

(-5 r( pld::te'1-'3s ::1 function of A for fixeo c-
with values tAken from experiment, we expect R family of straight lines
f~r rlifferent t , e!3ch with a slope -,-[eXp Ct) ~. (J . The dAtta
can be fitte~ only very roughly by str!3ight liries~ the result

t -) - cP <M, t
ci -p (L) seems to ~ - f

(j.. ( L - -= 0 ) ~ J , and cLoL '7 0
cLl-

t <0
:r::;. 0

, we will have ~ ((;-~ l-0) =- 0

is physical for positive si~nature, this will give a pole il

the physical region of the scattering amplitude. ( ~ u

SL.Y'~-e ih~ P~. vJo~ . c:..o-r--r-f-s{Jo",,(i,
. rr. .

,.t~c{-t- 1A,-l- rt-'" ._ V(., ('yY\.~5 s) 2-

~~ 0 ~r ~ "this 'ghost' state causes an apparent difficulty.
Goll-Mann pointe" out that this difficulty coulrj be got rid of by post-u.,

lating that the counlin~ of all particles to this ghos~ van~shod 8S



/3 (t) -) 0

High-Energy Diffraction SQ9 tterin,;awl Regge Pole s.

lize~ to a relativistic system and how the hynothesis of the Pomeranchu~
p~le with the quantum numbers of the vacuum ~ould explain the broad
rea~ures of very hi~h-energy scattering. We also saw how the trajectorJ

tip Q:') coul"! be inferrer'l-Prom a stu"ly of pr scatterinlS'data at very
high enerl;ies.

To~ay we shall look at 'IT N 'iiffrAction scattering above a f'ew

The main observe~ f'eatures of 0 N scatterin~ at about 5 Gev are a
very sharn fo~wa~d Deak containing about 95~ of the events between

scatterin.;.
vJ

~ for1ard peAk may be obtained by the exchan~e of a ~71 state,

a !;Qod fit to hi~h energy IT N scat terinp;;.
If the amnIi tude is Dure i~asinary, it will satisfy a Qispersion

relation for larse }y



TC",I:,u) =: ~ j
'-'.f'1.

~()rward acatterin~ corresponding to (t I small, ()..,-) - r:P

Backward scatterinr; corresnondinq, to \l,"'\
7 ~ the 1st term

t -7 -do' , so that (1)C. the 2nd term

~hus the R.H.S. of~perimentally, backward scattering is nesligible.

(1) may be anryroximated by the -first inte:;T'aL

C::msider the 'fiN scatterine; amnIi tude:

~irnilarlv for the B'.-O
?:lr the reaction If! -+- rn ~ I\J --(- N
tudes for the r:::...- 0 and 1.::: I

Thus in IT 'N

;\ (;+)
,'-'I. ,

f\(+) will 'Set a p~le ~nt1"ibutLm

I;::; 0 particle, which may De the

A(-.-J has a pole in t cnI"res-

exchange of a I::: \ particle, which may be the f meson



SUUDOSO we assume an asymntotic Be~~e behavi~ur:

A \+) ~ ~ tt) It-) ---0 eX + \ c )

is small comnared to tho other or becAuse both the amnIi tudes

Al-) . .1 . +- h . . t· .t hare Slml ar lD vOlr varla l~n Wl energy.

2Gev/c (Lah).

and A (-)
A ,\f-j. and

differential.cross-secti'Jns behave similArly at momenta '/
A. (-t )

This may he oi ther hocause one 'Jf the two terms #"1

If one assumes that the vacuum trajectory mak~s the dominant can-
t") At-JA , and the f to

VJ
that £i ther the f is co¢nled 'Quch mOY'G weakly than the Pom-aranch'lk (P):

c<. U·-)
1>

ciS l0 ) .~ O. 03 toO. 4 n nd

of all the known trajectories seem to be simil.sr.

cXy ~t)
,J\. P (1'Y'-fLj ::: 1. The s lop e s

The exchan((e ')f a .11T" resonance of soio ;r , or t spin I ~ (tj

rlll give rise to the followin~ asymptotic hphaviour of A and B:

pd.-I (M 8t;-)

t' --1'V'v 't

c((t) - f
A../~



~ P ,\.t) A eX ( t- )J

eX (t) - 1

P:L(r) ~

A (~, t)

(6)

1~e n~te that in terms Q'f' the amnIi tUdes.-4 and t q defined by CGLN,
lJ i 1) ~

(7)

Thus P,(t), ~lJt) in (6) will, in ~enoral, be different.

Consider the c~herGnt and spin-flin ampli tudes ~) r defined by

1-\ -0 I (t T ~ )-g1\ \ I ,/ i L
j ).\

I ~ ~ -4 00,,-
j

B --:t I l~\+~~)-
81\ ",r=-~

......•••.

where N
->

and .*:f

-> ~
is a unit vect~r p,uallel to (1k~ X ~~ ))

being the ini tiaJ and final c.~. momenta.

,~\ A

-€ + iJI::-. (-f~~~ ;;<1~),
LA~ ~ _~ ~/ U/V',:i./( v-e-cJern..

1 :::c;}/ ~ e~ /~
I

bein~ the an~le botween



_ 0 _
- AJ -

([-try ~ A.<r lw -lNV) ] J -"> -' [A -t fl::£]
~~ vJ l- ~1T

(E>yY\) (- A + (w+YV') 15J -.::;-L [- A +j""I.:B]
~l\vJ L &'1\

J- L-SA+~.BJ4~ ~ ,

and

)r) ::-.~ -::: lE-;j [-A+ (W+~) lJ
r11

) - e
~~ ~. ~

_y -.L [- A + JI. 13J .,
~'TI' ./

. eM .-.s --=!> eO



- 95 ..

t &~L , 2.~
/; 2. :2-

1Ne als:J have - - <. ::L'h ...s -'l 1z e 0.-5 B' --=':> 0-
~

,
OR R :LJ- c-),~ fj /'J e A./~ rJ ----- -~/ CL5 J> -:) pO

1\(
~

...
/

01 )

Thus [dlU -J- J
~'

l~, t) \~ ;LJ:, :z..
p~(t)~11 'I

) I

) '"

I ~n" [.,(\c> - -iJ
GcY Co, t) -7 - - -t A ~ Ct)

~rr I

(12)

F~r initially unnolarised nucle~ns,
•

- Vi,,)'- [r t (+ ICV IJ
== vt1\ ') L [fA !f~(t)I

L - I -, (-)I~\(l-) ( JJ) U( - I

(13 )

t < 0 in the nhysical regi')n~ thus, in this ref;ion, o<.,Ct) is reaL
Lehmann showed that from the fixed t dispersi:Jn relations, one

- . -,t- [" ,- J(.I; _T d- \ t·

j , •
'J ,'.'. I.- \ t )
, ,

, Avi' t -(7 1 " r:':, (!, ),.~ /. \l. ) I,'",',
< -' I,

-:.



satisfy dispersinn relati~ns with cuts ~n h~th sides. However, ne~lect
of backward scatterin~ leaves us with only 1 branch-cut, from

/ b [...& -r J ('-1 2..- - .3 J
[ ),-lM + U f) [ .1> ( M - t)OJ

where 1,Jehave taken 'YY'V rr ~ ..( -'
W-f./ )vOv.J ~ dJ

~oL(t)

A ~ ~\ (r)p A· ~ ~ C C1wvd-) C --€<rJ ))) ] +

-+ ~ P ,et) J, iZ-t .,L(t) L-e1 elL.,L) (~.<>J]

cJ.., (L-) satisfy disl'CTSi

relations in t; with tho same cut.



( Q t\'-' /.) , )

(/J -: It
~1~e t"no square of -,,\.yv I will have the same cuts as ':rvvv T

l~c::'m2~Llr:; there would b~ the difficulty of findiniS out .f (.8, Cj
.1 -'::;'s l..~~;~nysical. r ogi~m bofo:~e beinf; ablo to calculate elver' in the

d-..fL

'I'sh.al regi:')ll, Use ':)f a conformal mappinlS tochnique enables us te>

~S!.· '";"lS y ,.::oJ; the c'·])served va i..t:~es of dJ:rd.-

.:'J V,1~">; I)-~n d-.fL-.

, f - .-. ,
I A C',: '.... ...,

•....

/- -/ THane

i" i, ~-,, i..

"'e do~.bJ.e sDec-c:,al f~.i::.cti::-(l pi.& 7 c-)
J l .

~J t~~''1 1', ""~)larle (
....



'rhus J()~ must be ana lytic in
cL....n--

~e procedure for ~xtraRolation:

~ inside the unit circle.

(i) Plot the experimental points as a function of "\;
(ii) Fit the se Doints by a function of 'l analytic in (~ I ~ ,
UD Calculate the ima!SinAry part on the circle l"'li~) . , and

(iv) transform this imo:u?;inary D8rt back as a :"mction of t to !Set

) ~he data can be fitted as indicated a~ove hy a Gaussian form

Jvcr
..--:.----'
cLft.--

where Ov=- 31049 ~/AJv and J.r = (fb·q:t0h<:;()

a sharp forw8rd Deak for <:.,e-':, (9. 7 6- 9.6~.
2) The final result ohtained by ap;:;roximatinr; 0\., (tJ and

, and. (notin7 that f (.r) varies much more

) approximatiniS ~ \.t) hy a constant, is
to

L..- - o·2..C\V- j·0~
('~ fy '1J ~

by Dolynomials in ~
oL \.\:" )

~lQwly than J>

3) The formula above has 1)een obtained from !.cr-- at 5 Gev. and
cAf'l-

o~ at different ene~~ies. The formula fits Jc/~~at other energies

very welL However, at lower enerrsios ( .f"-' 2.5 Gev/c), ",ride - angle



atterin~ sets in, presumably owin~ t~ the contributions of Regge poles
~er than the Pomeranchuk pole •

.high ener~ies) in diffraction sCAtterin~.
fects of Lovelace's Theor:- (i) The 9Doroximation ~(r) -;:;:::.a con-

:ant hAS no justi ficAtLm. (ii) It WAS lAter ;jointed out that the ex-

;

o < t < 4f'~ )

nichc an be proved in field theory.
One of the main results of Lovelacds~ extrapolation was the predic-

hn ofa possible I. -=-- 0 D-wave 'Tf'Tf resonance below an energy of '-tr..
A D-wave IT~ resonance is eXDected on other ~rounds: a) The Pomer-

I -:;:..0 resona nce.
r -::.0

~le on the vacuum trajectory. (Lovelace has also speculated that if
his J = 2 resonance exists, it may be a strr.DnglycouY)led heavy ~ra-

~rce.·)

The hypothesis of the dominance of one Dole at very hish energies



the amplitudes of rliff'erent react:'::ms. We shall see in the nex;t lecture
h'lW the total cross-sections for rliff'erent reactions may be compared to

information about the RO~ge trAjectories of the ABC pole, and
and f mesons; they indica~e that an additional 'Vacuum' tra-

'PI may also exist.

(Ref: S.Drell~ Proc ~ix-en-Provence Confnrence, 1961;
and A.M.Wetherell~ Proc.Phys.Soc. §~ )

-J?~cattering :
(i) c:r r~

pi?
aUDoars to he so hevond 104 Gev f'rom cosmic ray 8xoorimonts.

o-..J
rb

scatterins becomes narrower with increasin~ ener~y.
cr..J-

-1 Gev/c

Ep(QutJ 24 Gev,

2 X 10-3 of its forward .alueP:)r the same va lue of t . it is
r-: - 6 Gev.[:. ~ -.J

() t,t (r1) is still slo\o,lydecT'o.'3sin~1.iJithincreasins enorg:
fr::>m52 ~ at 13 Gev to 46 ~ C!t 20 Gov. The asymptotic Pomeranchuk
limit does not seem to have been roachod yet.

___ I-J'- ",.-.- ~ and.~ -e2-
OJ ~v , v 0 all decrease with increasing



(i) One may Rsk whether tho decreRse itself may he caused by the
;~ebehclViaur. Udgaonkar SUt~sest()d that the decrease may be due the

f\DC pole, but this w'Juld require too larse a coupling strensth for

(ii) The decrease may ~e a- result a? the c~ntributian of the hi~her

jpsl

(iii) The Dion
~<M.()"'s-{.,

!aritlhmicf-.in the
that for ()~

',.
itself may be a Re~se Dole; this would result in a

. h . h t· w.-.&-. . Ione-plan exc ange contrl.u lon to 0- , SlIDl ar

We have already dealt with L':lyelace's analysis in detail in the last

tjtCI is still fallins slowly at the hi~hest energies observed.

1\(in Gev) o:-~
{;it

(in rob)
1\

6 29

10 27

16 '25

The table gives the 'iT+p and

tirt
() -1-1" (in mb)

1\ V
27

(0--- - () -In)
f\ -t"!-' > T\ v. Ain mb)

11 -p t':ltalcross-see ti ons; their
rference is not accurately knovm, but seems to be slo'lilydecreasrnng
c::lrdin,gto recent data ( o,f. S.Dr.a.ll~CERN conf., lq62)

()J (1\ -~) decreases from 5 m~ in the 5 Gev region to 4 mb at
~v. The angular-distribution resem~les thqt of diffraction scatter-
i, with the forwRrd Deak nRrrawin~ as tho energy is increased.

strange-particle Dr':lduction cr':lss-sections are less than 3 mb; de-
-1-'~he k p total crass-section seems to

f< - P total cross-section is still



ta be apnlicable. Can a~ything can be inferrod fr~m the vlay the cr~ss-

sections vary? Ud~aonkAr sha\lea th,gtinformatfii')[) a"hout Resse trajec-

tory ather thew the Pomeranchuk CQuld he deduced fr~)ln the variatLm ~f

We have 8lready seen h~w, ~nce we~ind a reacti~n in which the

Pomer8nchuk limit is attained, we c::m use it to find 0(1) cr )
~ther reactians in which the limit is observed t~ be attained c~uld

then be used to verify the hYD~thesis of the d~minance of the P~meran-

~hukpole and check the shC:lPe ~f 0(,1> \r )
When the ener~y is not sufficiently high, the effect of poles

~ther than the Pomeranchllk will be apnreciable; as ()(1(C-) is known,

\ infarmati~n ab~ut these ~ther Doles may be otiaine~ by subtraction.

In a 1i.e~'!e theory, the ~bjective is to find all the cA c(t-) and

How-~c~) •

wer Chew and ~rantschi conjectured that ~he may all have the
2.

simple form ~f straight lines. They have made a plot of ~ ~. ("1

for·all the known stron::;ly intoractins narticles and resonances shown

iliat move with ener~y, particles with
10"n \::l 1:1.

(Le._1 baryon no. B, str8nseness S~

jectory., e •..s.

the sarno inte~nat quantum numbers
I·' \ /'

(.\ Y"~V \.. __:.~-t~ j \1

isospin I~\are joined by a tra-

lssumed to lie on a straight-fuinentI1ajeo'bol'y,:0wi th I =.~t', s ::'0, B '= 1.

limilarly the _I\- c~the Y5" >'( a t :nR--:D5.- Mev) +-'l0-'--~ n-D



The K and the K* may also be joined by a straight line. Al-

though the Chew-~rautschi plot is only a conjecure, it is useful in

~hat i t Dr~)Vides a theoretical b.gck;~round a~ainst which all data on

es~e poles ~ay be viewed. It ~ives a rou~h idea of the sl~pe of the

D:lle hY1Jothesis if this turns out t') have J = 8.

We may note the followin~ features of the Chew-Frautschi plot.

(i) il 1 -" _2~l trajectories have rou~hly the same slope, 01 ~ 1 GeTv •

is the {()VJ~(r- 'r--rJ-clws" Dt
that all particles have the

(ii) Successive particles on the SArne trajectory obey the interval rule
l

J = 2. The spacin ~ in yvv is about 2 (Gev) 8

aft) Only one particle on each trajectory is stahle, as expected.

(iv) The vacuum trajectory lies the highest; as :me:;oes lower, one gets

further away from the vacuum quantum numbers. One may associate

is true or rrr''TT' scattering (as may be seen f'r')ffi the crossing matrix

and may be assumed to be a 7e~~al uroDerty,o (iv) is consistent ,,.,ith

this; as the vacuum trajectory lies the hi~hest~,it is the only one



he forward and backward peaks in scatterin~, we can trace out Darts of
:hecurve ()(.\...t') , as we saw in c~nnecti~n with Wetherell' s w~rk ~n p p
'catterin~•

ay be inferren. The s~urces are the variati~n with ener~y (at high
neriSies)~~i) diff'erential cr:JSs-secti::m in the forward and backward
irections, and (ii) t~tal cr~ss-secti~ns .

C~nsider the amDlitudes A, A+ f~r pi~n-nucleon scattering.

A -

/~+

I- will have c~ntrihuti~ns fr~m the exchange ~f I· 1, G = 1 trajec-
.~ies, nresumahly ~ainly the f traject~ry. A+ will receive c~ntri-
!1ti::msof I IS 0, G -= 1 tra ject ~Y'ies, like the vac uu..."and~BC
.raject~ries.

9rvv A1-(9-:-0)
.>

j "V.'" A - (e -::-0) J(

C{J!_

o _ ( yY\..- 11<- of W J )1
~ T( ",

.2 vY-- tV

at high ener~ies.)

a-' C. 1\ -0) c)' (11 t fJ)

() (1\ ~r) -+ if (n -rrJ)

linee eX l' (0) - I p 1.



1Ne 'nay exnect that (j-AB{ Co)

~Cl\-r) -+-- u(T1-rb) + -t-eA. -
E

(Note: 1'hore is a cl')se relAtiJn lJotweon I -'----0 71 'IT scattering and

the sum of n 1:~ tJtal cross-soctiJns at h4..?,henergies, as both depew'!

~rJ the ~\BC and vacuum poles.)

'ic,,:;arding the)::J tra jectory? we know that - cxj? (3tJj"""'t..) = 1;

olr C ~ ~ 0) < I •
~ecent data on the decreAse Jf [0- (n -11) -- () C 11 +~) ] wi th in-

creasin~ eneriSY indicates that cXf( 0) ~O.3 tJ 0.4

C~nsiderins the vArious S=-o ffieSJnS' P, f\Be, f , W, 'l, 7T ,

~e may represent any hi~h-energy tJtal cross-sectiJt1 as
l'i) _ 1). -CI-oZrL-.>Jj _ -[ 1-0('-<)(0)]
L ~ - r ""- -+- p'hJ .h + U-yJ ~ + --,--- -

1'he lar-;er the value of)) , the more ranidly does the series CJt1-



m individualc8ntri~utions 8f different Regge traject8ries may be is-
1'Y\.h

:ated 1)y takirl':; sl1ita'Jle cootTibutior1s 8f the cross-socti8ns.

5 due to the c.J and J ' is ab8u t 20 mb at 10 Gev, whereas the difference

(V'b) -- <r(f}) is due to the f abofe, is on1y ab8ut

that we can i~nore the J trajectory

n interpretincr, the r t) ,
~ diffe~ence between in which the y

Comp.grison with experiment ~i fes d w ( I)) ;::. 0'.4, which a ~rees with

he Chew-Frautschi plot.

However, if we interpret the rr cwd p b cr8ss-sections as a result

p the Pomwranchuk and ~ trajectories, the questi8n arises: Why is the

bserved r r total cross-section ~ an energy-independent 40 mb from

o Gev to 28 Gev ?

Fr8m the exnressions f~r the total cr8ss-secti8n, we w8uld expect

.' ; hat the p b and ~ p cross-secti8ns wmld aDDr~ach the Pomeranchuk limits

ymmetrically fr8m below arld a~8ve resnectivelY. Why d8 the observed

This difficulty w8uld be resolved if we postulate a third trajec-

1/

t -= 0 this w8uld con-,
ribute an ima~inary pArt to the ampli tude that \v8uld just cancelt the

)ntribution of the w in the \)~ ampli tude but 8dd to it in the}. rJ amnlitude



rhis wOllld explain the constancy of the rr total cross-section. The
I

~ lar~ely add in

[Jr scattering, resultinfS in 10% in~rease in 0:;,,1 (b0) abo~~the

optical theory v8lue at 20 Gev.

INe nO"J.ask~ Isa new -p/ trajectory needed or is it one of the old,
'lEcIt meson,

i

(j?/ (c.) ;::, 0.4, and He expect dp,Il' (c) <0,.! LJ C

d-- (u)

It ~ay be that a1ditio~al trajecti1es are not really necessary.

Inclusion of correction t~!'ms t:) the asymptotic behaviour of --Po(. (G§1$v)

at not too lar~e vRlues of.o may account for the discrepancies.

Now consider the r<~r . aod

difference must be due to the W

K-~ total cross£>sections •. T.a.~r

it is c 8nsi s tent with (Xc..; (0) :::; 0.4.

The 1
/ tl.,'r cross-se~tion is a constant ~ 18 rob at ener~ies abov4.5 Gev;

thus ao;ain there must he Fl cancellation between the wand T {ontributio.~,

r~is requires thRt <J p"rJ ::::. 'l-;;.!{( , where 't fiN is,

~Q!'J '1r c..) 1<"

the stren:~th of the' counlin-; of the --pI trajectory to the nucleon, etc.

The W will not contribute to ll-t r scattering owiniS to its
/

~es1tive G parity. Thus we expec t that the rr'"'f; and err -10

cross- sec ti ':lns sl1auld 'lJoth dec reA se tow8rds tho Porneranc huk limit, due

t') the T> J contri lJution; this is 1.vhat is ohservod. Thus the 'il ± b cro.ss-
T' / .

secti')ns SU1JDort the postulate of a " trajectory, In f'act, the first

",-,1-1.l was put for----j,~

'!3rd by K. I~i., tMho observet;1 thAt (,i sporsi on rela ti ons for '1T 1\1 forward
.I oY\.-e.

scatterin;:s (Hithout chAr'!e-exchan~e) with - . subt~action corr. to the
.

Pomeranchuk cot1+:ributi:m led to a!1 anprociablo disprenancy between theory



:1fcmgh zero,. <sivin'! rise to a
l') ~'-" ~ cL L ,., , ! if.:", Y" v~ p.C""-'r (;;:,/c~ V' c s 1-,

qJ.:)out the f traject'-lry,

strensth is much smallor than th3t of the w • The {iT}0 n-0
Hfference is due to the f a~o1'e; it indicAtes o(f(O) ~ 0.3 to 0.4.

?he di fference 0--( r YV) - i.T (p f) set s c ontri bu tions from the j and

If' the -pI exi sts, it is imDortant to see whether 0(.1> I. passes

tl"Ghostlt which must be ~ot rid of as before
, .• , 0( f' I?&. ".1--<. ( t !. f " ~L~ Iv ""i} -e. -t 0 ,

little is known besides th1t its CQuplins

the TI ; the pion has a lower trAjectory and presumably ::;ives a much

smaller contri1)llti':m. Thus we eXDect that thoU/)]I\, - b ~) difference

has the same si-;n as the [tr -b) - (!} 1"'p) J difference.

Faissner's eXDeri'nents on '/1 vb chAr;G-exchan~e SCF.ltterins at

4 Gev/c show the presence of a sharp peak for events "lrJith JftT " 150
-J

Mev Ic. The total elastic cross-section of I - [,5 mb a~rees with10
+ 8 c

the theoretical estimAto from the observed en - })) (!t -r~ )

difference if c( (Jo);::, o..,~ ,
)

Mahnfs experiments on

, ( (
,-.j r-' _
V'- .P ~'f'YV ~

(chaI"f,e-e~'{chanse) elastic sca-

tteriniS '?ive an (elastic) cross-section of about 100 fvJ.y. The ansular

( (:-I ,;:.. 2Gev2 at a lab. enerSJ

eXDected from the J tf 0--( ",,b) - () (p b J s I yA,f/.,- ,

It is similAr to thRt GXDected from the exchAn~e of an unreggeized Dion.

[o--(K'r~) Cl(fcTn) "1 .f-.J

[v (I( -+ ""J (J (K -};) 7 G.J
I~

[ u (1< -}) - Q(K'r) J f)w
[c11 f( -~) T o-(K-r~)J P?> I~ B L

Co- (KTb) 1-0- (k-tY\) J P ABc. c.J
;7 .J



be for an unre~geized nucleon) or whether it decreases with
'tJ.:r(

(as it w8uld if the nucleon "-Terea qe;~e Dole). J
2. Cd. ("l) - \

Gri~ov pointed out that the ~act8r ~ ~

as one ~ets closer to the ~~ckwp.rd directi~n).
1\ -rr backw~Hd SC.!1t~erin?; 'J'etscontri'buti8ns from both N exchan;

and 1.1'* exchanse.

The
'(TrJ

o~ only the 2nd And 3rd ~

umps a~e o~served in the crcss-secti~n? carr. to nroduction 8f the re-

SDnances. The (3~3) hump 1is8nDPArs as the ener~y increases.)
Prod ucti8n Jf the (3 q 3) reSO!lance wi 11 take place at 1~wer ener ~ies



A general criticism t8 be mAde 8f all the ab8ve is that if branch
cuts in 1 exist, as su~~ested by Arnati, Fubini et aI, their effect



(iN F']cl'ENSION 07 mE ~EG}E REPRESENl'\TIONt
t[ f:t.-.tS ~<ctu.H cJi>s~i) fo;~"w's S, Hc<V\.J-t~stGt ••.•...' !OJtJ, PMYl,'.13 ~.1.i'4(1q(,1,

The ori~inal Re~~e representati8n of the partial wave expansion

"

- '1'" j
(lb)+ ("dJ. 5-

i S eUv C .t-t -t"1) A C~1() P,e (-11)_ -tt" ~L/'V '11~
-~oO -J..1

Po( , (-1f)+ :5 (~O(\,-t() (3cC~) <-.... .•.•...• ..
&oi.~7--~ 4 c: 'YV 7'rQ( G "

was restricted to Rti.. -e /--i

hack~round inte!;ral ....v~'" /fJ., , as f ~\ -) oD·

n./' I "iJ ( -.£-1 (3);(;'-- 1:' '-e - Ao ) A,/ ~ J

inte~ral diver~es as (~'I -'l 00 •

.-. -1-- ~



of the 2nd fj.nd, Q...{ ( -y) , which have the f~nlowin~ properties:
is analytic in the ~ -plane c..utfrom -1 to

~ f4~.

-I 00

2) The nisconti~uity across the'cut is ~iven by ~

])0 S C, Cl ,t ( - }G) -; C rrr ~ (:";G) -' - I <: x. < I
'>- (4a)

c;{(~,~ 7r.-G) ~..e()C;) "tL '7 I ~ ~ \4b)

whel'o Dis@ a.e( --i) _ Qt (-><.. -+ v'€) - Q,t C -X, _lOr) .. (4c)

3) QR. l~).1s ~ funct:i:-onof ..e 1n the entire
t -plane~, The~. ~'t'G~t' £.::. -1,_ -:J , - 3;) '. " .

4)
Qh(~)

- 1.-1
(-1t I -:, 00, fr JL 70 (5)

/V ~~ " ,
-A..;, .t

~
1. < 0,

5) 40-'

P-t (~) \ G~ ('?I) - Q-"€-I (if)
AtY\<7Tt

- 'i' ~

rr ~ 1l~ err c.o111 ..{

(6)



2 (~.e+l) A(~jt) 'P-e-(1r)
bC ,.e- I2J C- I) 1~, A C-k,.R- ~)

.e ~ I,'-> 5, .

A (-Ie) .e~<1) Qt-J- (y) ..
3-

(IO)
The inte~rati:;n c()ntour may now t..;. moven to the It;,t, to kt:::.-i."

ay. The extra terms t() he arlded are the Doles of A (~J 1.j ~rossed

y the c:;ntour (which results in the !:ummati')n in the last term ~r'
10) bein~ over ~ ct.(, '7 - L ) and the·- poles of



The latter 'Doles occur at£ ::: - n - l 'n integral; the residues

at these 'Doles are !1. l- I ) ""'- I Q'V\. _ ~ (--1t) • They thus !Sive
rise to the additional terms

15' ;};.(- J ) 1'C- I ~,.... A (*, _n- ~) Q I (--1..,-, )
- N+I 'I ~ \.. ~-I: ,'iI,

rJ-f ( i"" - I (J_ /) ,
,.. - ~ ~ (- I) j'Y\-, A ('1'< J h -l) ~-Yl-+' (~)

011'<..

N being the

first (J'I-' I)

'l-\-~~5t ~ L ~~" L" - W4-f =-J
integer (",' -, ) f This ,just cancels the

terms or the first summation in equation (10).

The result is
_I--tt:oa

[~,:It} :: TI S eft (.11+1)

-i--~dJ

~ (~oI.? +1) ~c C.flt) [ Pot, (-~)
1<.to(~i-l- ~l Y\l my. L



-I-
~ ' as (-t I ~ ~-,

while the Ror;:;e p~le terms (in the last sum) g8 as ~oLZ as 14;r{ ~oO _

We enquire ''''hat hanDons t~ the backg;round terms as (- L) -) -00_

(- l- ) -3> 00 • If it did

A (-k ,"""1') across the cut

A(~,~)
-) 0

for -10 / I

As the backfSr8und term d~es n()t vanish as C- L ) -j) - cO ,

the last sum in equati8n (11) is an asympt8tic series.

Also, tocauso of the pr~perties of Qa(, l-~ (--1f) , every term ()f

the series

has a cut in./If fr()m -1 t~ c:>O along tho real axis. However,

the scattering amnIi tude A ( ~, ~) has a cut starting from

VC~)

tll
(~)



V(~)

of ..e for , anr'l th.!3t the scatterins amnli.tude

was a meromornlic function of J(
e-xtenc1these results into the whole t -plane. For this, first note l-

Jl ~ -..i-/
the boun1ary connition at the ori~in will ~e dif~orent~ the two solu--

i v - -e )( -€ +- / (tons behave like /..... and at the ori~in )c:::.. Q) •...

Thus tee two solutions coincir'le at X:::: ---:f.. If the first

solution can be continuen into the half-plane 160 ~ < -~ , we.2

r"VVl-C-n JA, ,
c ~)-(,

r--€

The sign of the exnonent is chosen so that it hecomes a decreasing ex-

1)oential when ~::: C f<, ') I<. 7 0 .

(x)



l~-t~ ) ( ~ -+- .n- I) - £ (-Q -+ I )]aj1-,
00

--- ~.-' -'

+ :lc -k (~+31.-- I) o-'JV-\

'\.,;' c./L- ::::::: 0_
-vv YI... - r - -vv

1-'1---:::: 0

~ ~nly the 1st term c~Dtri~utes.

~ + I 0-"'- - jJ-/

Whichever s~luti~n we st.grtwith, all the hi>.Sherterms can be calculater
sQccessively. The only singularities these terms can have in the finitE

0", k-.a.-t t ~":"Y'I.: .(.'\.(,...s
part of the ,.e - plane are Doles at the negati ve integers/,where the

If .9V

R) such that

Dv vanishes.-
;rV

is sufficiently lar~e, we ca~ find an

&t",.f-{ I
a.,-v <

First, suppose the last term (which is a som lof a series) in (15) has

Then
Ct.p,-a,~_\

.2-['~G (.-3 + J1. - I) __

[ "( A-+ ~) ( h + 91.-I) -: ,{ (f -t- ;) J
N+ fto if'VV a';ru - 1- 'YV

{(~+r,,) (_9:,+.J1--- \j-.-e(~+I)]



and "thus the aho~e asserti~n is prQve~.
OCJ 1'\. ~ I

When VC)L) := 2 llY'\.-)L. c~ntains an infinite number
"y\.- -::; 0

of terms; for a superposition of Yukawa potentials, these terms decrease
I-'}'vI,

'rhus the power series solution for 0/( 7l) <;onverges for all
t and;( and converfes uniformly w.r.t . .{ in any region of

the t -plane.
in the whole

Therefore, since the indivi~ual terms are meromorphic
{ -plane, so is the whole series (because of the uni-

form conver~ence). Then we can prove that the scattering amplitude
is meramorphic in Jl in the whole .,.(-plane.
Behaviour of the Scattering AmnIitude f~r ~ --e.. <-L

Although, in ~eneral, the scatterin; amplitude for ~ and -1-1

are unrelate~, as they correspond to solutions with different boundary
conditiJns, we can Tequire that

A(~, --Q--:)

A(~,-~-,)
.f.i half-intefSral) y.-t <-J.

\ -<-e intec;raL ~ (20)
For half-integral or inte~ral

Q,-tl
hehaving at the ori~in like )(

-Ge-r
i less than

series far cp ()(.) , the coefficients ~(.e 1_ I and hir:her
order coefficients hecome infinite. (For the solution behaving like



of afi in the recursion relati:)n (17) is then

l.e-tl~) (-e-t-J1.) - ~C~+ I) .=·ltTr)3L- + ~C.Q-+~)

l~..e+f-+Jc-,)n ~
..9'l-::: -:2.i - I ~ l--t I - I .

'f CL-,,2 (,.e( -/

C0.n- are also infinite, as

a factor which is equal to zero at neg9tive half-integral and integral

1, (less than--t) , e.g. I This leaves-r (..t) r (.e +-tJ ·
unaltered the analy.tic properties:)f f and the value of the scatter-

ing amnli tude I M ~ IN o-ve.. fu.-1AC C:"uYv" ~ o1wCA]5 tA,lAol-e,C:e-/ ""'-..:~_ t;; CL-

f
f-)

t C-(.tV'-3 n",,-J.- CL e ,-o-r
~ j all the coefficients

U D to Ov l/x 1-:<,
woul~ -be finite.

Le. all the coefficients U1) to ~.lt
coefficients are finite.

A (-l,-t) F (~, ~~)
FC-Q, ~)

related to the wave

C'IT -t
~



Jnen J.. ~ -1.-1,

C n ..e.
. ---e

Thus it is ~enerally possi~le t~ requi~e the relation (20) be-

~een the scatterin~ a~plitudes for -R and -); - r • However, if
t{-(. O-<.1vs(- -2 I~(-.t t~l"""S o..LL

11 ~>

say~A' Thew()vv -{,...c..

~owvary

the recursion rela tion ( I '1) will leave (/L determined.
~{LI-r

ro study this situation; consirjer +alues of ~ in the nei!Shbour-

hood of an integral or half-integral value io : ~::: (.f.-o +.6 -t) _
./

coefficient of ~ ( in (17) will also be small~ b-
~~ fto.-"""" o.r a.t4. i'.--;t lll.t I, _ 2.. t -V"-~ ~ '-'~U.
~ around ~~ • This would ~ive rise to rapid chan~es

Q.., i{ Q. , _ / and higher order terms.

Thus for Ll.{ small, we can r;et any desired change in the coeffi-

cients by movin~ ~ around 1k- o. If t hehaves asymptotically like

i~X- (J.. - c~~
cfv -e + 1--' ~

1esired by mmvins ~ around

, the ratio ~ /ck can be varied as

*-o. In particular, (5 lex.... can be made

zero and the amplitude A has a pole at that point (since there is

,nly an outt;oing wave). (A di f'ferent way of seeing this is that the

s~lution with the required houndary condition at theorigi1n is now also
. &-k~ th

the solution that behaves llke -e at infinity and, .since the lost

:l'l'-c.ttloi'V F(t,~) is the Wronsk:iloo of just these two solutions, we have

Fl~,\.)=- 0, and A hasaD ole. t
The residue at the above pole tends to zero as ~ tends towards

3ne~ative inte~er or half-integer. At these points the symmetry

~lation (20) does not hold.



Consider tne behaviour of the Re~~e Doles 1Nhen \/ is small or

(~ J large. Then the recursion relation (17) ~Gcomes

[U>+'JV) (~-+-~-l) -1cQ+I) J etA- + .,2c-.-k 0+Y~-f) ~~_\~ 0

If.t is a neryati ve inte~er, t'1e solution behaving as ~- L at

the origin (i.e. with~ ~ ~ ) will terminate at ~ a , as n - 0() {.N~-tI - -"
since (/:> -t J'\.. -- I) I!f is then ::= 0 , and the coeffi~ient of a

(-fkx.- 1-+ I
1s non-zero. Thus the solution VCx-) = ¢ ex.) .,e

.~?<.-
will h~have like -e v at infinity. A~ain the residue at this

t pole t vanishes) since -t is a ne~a tive integer. But as V is

increase" or {~I renuc-ed, Res~e poles appear at values removed from

the negative inte~er values of ~ •

Since the ~ole farthest to the right dominates the asymptotic be-

haviour, we have the resl1lt th~t as V 'is increased from zero or as

fjl I is ~ecreasen from infinity, the scattering amplitude be-

haves as r;~ - .
This is what one expects from the Born approximatior

F~r an attractive potential, the Doles mdVe to the right as ~ is

increa sed or 1%-1 ri.ecrea ser} a nd the asyrnptotic brehaviour is str onger the

\'1e now go back to equati'Jn (11).

The Regge pole terms <' (4- _ ) ~ _(E.J [- Q-<X,: - \ (-~-)j
L... \-oLo( -f / / -' L- - --~---

f.- c.oS 'TT CJ( \....

of cJ.-.~ also. Howdver, at these values, either

(1) the residue at the ~ole vanishes, an(1 the amplitude 1"emains finitE



(ii) two Regse Doles with the same residue pass simultane~usly thr~ugt
~ 0 and -.--e.o - I , and they cancel, since

)+ I) -t- [ .ie,-.e.;. -I) -rl] 0, and there is no in:[inity.•
Thus the scatterin~ amplitude bec~mes infinite only at positiTe

integral ,{ , wherle -we have a l:l~unr1state.

Experimental c~nseque~s of the Hypothesis of Reg~e ~oles

We shall he~in by su~marising Tarious results we have ~btained in
earlier lectures.

'ariant scatterin,:;;ampli tune A (~, t) at 1;:~rge~ is of the form

[

Cf1T' ()( (f(~ ) 1 'I) (
~ ~ c (t ) f + -€-- - -.J ro(~ XtJ

v
~ l'YV 7\0( C(t)

(2) may he interDreteil as expressin~ that in the Re~~e formalism,
the scattering is expresser'las a sum o~ p~le terms, each of which c~rr-
esponds to the exchan~e of the set ~f the D~ssil:lleparticle combina-
tions with given internal quantum numbers 11) 13 ~ J~ 5./

and ~. (IT



gular m8mentum states, which maV bo exprosseo as the exchange of an

equivalent unDhysicalenergy-do~9ndGnt spin (y~Ct)

form of a set of :'"'1)los -~or vJVit~~g tho contriolJti0r} of a given Reg,:;e
-P·1~'J:;,]Z.llV' /26:t ;J.10I-l(YiG1-J'

pole torm (ref. Fra ut sc hif ~ell-Ma rJn, and Z,g(: harr:-::san X) • Thi s re-

places the set of Tilles that one uses in "\.JTi ting the contribution

sca t tering amDli tudos A l/.) 'J t )

and zeros in ~ and t
Rule 2~ For the t reacti on, t,"\ke any set of va lu.es of the c onservod

quantum nUfl1bers :B J 1J 5 , (, ~c ')II OX~O?t J-. As a function

of J , consir:1or the c0Dtr1.b~.tion to the arnDlitudes A i of a
c

hypothotic:::jl e:z.h"ngod 'v:nticlJ' '!;Lth theso auen~llm nU.mbors (And

arbitrary ''nass' 1-1). For 08Cr-, A,; ,this contribution wi£R? be a

~l' (:;r: r) and Pfl (x-(- )
is aSY~Dtotic t8 a power

of .JJ. with the exnonont varyin~

contribution to A~ j.s Of'

(J - ]I (' ) (

C~,j) ,~-----:-(t- I\.1 .'2)

Xt
t
j

foro
(j+ const.).



Reg~e term denonds on ~

~ now depend s on t
_ (/iTex...

I i-'!t
2. ~L.l'- 'IT ()((Jj

wi th a particular set of c:)nserved l1uantu:-n.numbe'r-s in the t-
acti~n and '"i th a defini te signatoro ..~ , ; the lat<:er can be +

as stated in Rule 2

d .1' th C:, an \vl. _

t - 1'-1 ~
c: . (t )\.. '

or -1 for each set of' quantum. numbers. jJhon 1
; f~r >J ":::" - i .9 poles are at odd 0(

exchan~ed, the amnlitudo will contain the co~resp~nding Regge term;

e.g. ~eset of quantum numbers characteris:n~ the vac~um can

been proved for Dotentials. Whon ry( takes physical values, the

residue plt) f"gctors into the canDling stre~tlb.S of the trajectory

(X.~Ct )
t - channel.



streaths of
"-vanish ata ~iven Regge trajectory to all possible systems must

same value of r
't~host" in the Pomeranchuk tra jectory which arises because ~(J:)

becomes zero at a negative valu~p of t and we have a physical
2state with ne~ative (mass) • In nuclear physics also one has

L

£ c( _-. ?<. 8u"'. "'ose ",:/(t)o is the energy of the ~round state, _ .J ~

('7L-

deye;::jsos.

passing that this nr8perty o~ the rosidue vanishing at particular
values of JI is s8methin~ we ha~e already encountered in a different
context, viz. at nop;ative half-into~,ral -t for a potentiaL (See



A-::

. <. 2. I
where 'WV1' -- Mo -,- L I l/v'\ 0

particle -p .
The Dole term in tho le~~o formalism iSJdt a physical value of ~,

"

slightly ~stable

,...i \ CJ (C- )
Vi ;' ..' .,..l~·) I B.J)7< . 'c;

I
tt-rvv

7<-

(_I )'e- IT h<X; ( t- 0)
-

--d c:v\., 7T ~ (t-dJ



AsymQtoti~_behayiour:

Disnersion theory: ;\

Regge formalism: I~

Accordim; to RuIL1, take the independont amnIi tudes as the CSQspin

eigenampli tudes T I ( ~'}t) J 1 -;:o~,f 9 1. • Consider the set
---'I.=. J J 1i-=- - I 5 L7::: +./ (wi t h 3 -::-0 y S-:::-0 ) •

.
son nature of pions req'lires that the signature ~ = -l+r I;:: I,

-jt-(
I

-Pi (Jet) l-
(j_ __ (1-1 L )

(;~
, the ~egge ~ has the

e ((-) I
(I



;n...e f .e hot:. y\. 'Y'
The index f in ()(f (t ) indicates that we are -.:-",';'.

to a particular trajectory (characterised by a particular set of
quantum numbers) - the f trajectory.
sonanc~r we require k cX-

J
(t) ~ I

Define the dimensionless quantity

c- (t)

Regf;e term is approximately

(~I~A ~ ~(W\/J
1JE f

From the observed jP
at t -= ~ t

'-&Ct) by

(- I)

t - V'A'f 2 + { If (:f- ,

In dispersion theory, the exc~gn~e of an unstable ~
~ive the contri~ution

(-f)

to "'A/\ 2.. + J ° l' "W\...,-,..~.f l. f f

(-I)
iVYI.- .

f



Compariscm:;i ves
'l'.-fr C w"p)

rrI Ef

The couulin~ constant

to the obse~ved width

3/2.-
I 2. t..)
emf - 4 Yv\-'7r

W\-f

. 'J. t ) J/1. . I( W'--j -- 4 W'-n ny-
4- c;r 17

(i) The decay ;node 9 -'" 2. '1T is

Tho contribution 'Jf the f trajectory to tho charge-exchange cross-

section will be

-(

110'71
f -&J'1T rr (1:)



'rhe factor 3 COWlesfrom the coefficient (.,..,-2)2_ (})2. The factori-

F tt )fl11f \
F (C-)n iT j' 'T[ IT

2r~ \(-)J
L~.T'/Inf

tit 1'1A:
JT

t ~ 0 ; thus the Pomeranchuk

pole dominates the forward Dure elastic scattering if there is no

other Dole with ex- (0) :;:,f. As it10 have seen in an earlier lecture,

~he pure ima~inary nature of the

- L ~_1 L'.~

the constancy of the total 'NIT

J!, ( 0) I-p 'T; 7\



.•..1,1 -
~ of iI- )-- <.:

~ rr " (t) (/)0/'--. " )'
II

IT 1T scattering (in the )) ch;:,nrJol) is symmctric in [-and u.

SCAtteriop;

rT + IV -? 7T-t rv
/

eu I:> CJjI (?

I
CT 0-

f\ + S/
() "

i-
Ch:JoSG the amnIi tudes as A - and

B.uIQ~ I\s before consider the sets o;~ quantum nlJ'ubers

ri) 1-.::. I rrI - ~ I G -- -+ ) (vJit h Ji- 0) 5-:::-0 )<j ? .-'

I II- j
iand (ii) ~ u --- -t- J (.J -:: -t ( II II II II ).- '" -- ;/

First consider (i), Le. the i-trajectory.



(-±JA ==

f (± )
J-

t
P--Cl OJ.A- ["5 d~

~ ( CUt/ -t. tyL'1T
L

)

g \A.i0', -e -e c ..< t:c .,

/ ( I) '+ '(rv'\.. ~/' ) ..
L~ \_, J ~ - ."',J

a I and b, hcinfS the
V l- r l:-

17 +11 -;> N+ N-
r+) B (-+ /A \ and COTreSDcmd t8 A 'Jure T -::::0 state in

(~ .f\ / And ~(-jj ,/ rr;coi VB

I I / (. .
I ".2 / P )1 ( )c:. I /t--_ .. ---_.-



P1 ()l ()

]Pi' I Ct L )

AC.-J- -")

l. n ,t.i~.I
( - -e
4 . 1T cJ. ,I.:)

0( ~,-v- J

(- )- 13 '-;'>

t1i I)! ,.,(i: ;
- --(. )

j --11.V' IT '-:;Zit)

(~
.z 1

Y'y'V -- 1"\""+ 1.- (; )tJ n-' .J.

~ CVe- h-

i-
L corresponding to the two possi-

hIe states in the rV N syste''1.

Evaluating these functi:)ns ,K \l) at

11<::f

z
'-- VV' J'



The asy~ptotic no-spin-fliJ 3nd spin-:li~ am~litudcs are:
a) liD Spin- fli0:

b) 3nin-flj.,D

Fe)
p7Ttv l

F: Ct)
j> 11~·

i J - -€ -,rc"'f f L.

I /), \...)I,\- rr oLf



We would obtain a~imilC1r GXDression for nucleon-nucleon charge-
exchange scattering (assunio? it to ho do~inRtod by the f ),with

.9

::..-=- [2--r f (J IV (t)J

:J-
.IV 'v

Now consider the set of quantu~ numbers (ii), corresDonding to
A (+J :B (+)the Pomeranchuk. This contrtbutes only to and.

'.C' .C' \.-+ j'Q \~ )'"rheresultant.asymototlc Lor~s .cor A , J.) and
) r-t) l-) \rJ€lzt" ~ '1'- may be 'Jbtained by maki.ng the replacements 1\ -) - /\ ?

4 . Il (- ) 0 \.+ J ~ - ) I-t 'B C:-).->, -] t, I ? ' ~ -7 - 15 7 ezr' -) - ca/' ,- IX Y (t ) -;) 0(v( t)

etc. in tho asymntotic forms ~iven ahove

l

it (+)
j~} U

\1 )
~'-P , (o) _

ao- \..+-)

-xI
analogous to



~
- 136 -

~urnin~ to ~~ckw3~d rr'Aj scatte~in~, the lack of

rhus the nuclc')n A/V'! ni')r-;]Il·~leon !'csonancr.?3 \·Jill contri-
(J-.-t,;\ -e. y Y y.""" ,t'_ Li .

b II te Dol es j n 1~3 C (11 A 'Y'd 'iT f\/ sc ::;'':;t (> T' 1. n~ < ~ c_) 0' ',' (;; k'IV
se:.c.tL(.v-,~%.r II l' r.J -) 14. -t, J ./

J,.ti n the bacbJ;~d-'-ci't;ecti8'l, ete.

r;onsid er bAek~...,a'Y'd...Ti N sc~ tterin ~.

(.-+1
/-\ 8n(1

'-f- )

B ~ 8:rlili tildes os hef')re.



where ti-'r re-!'ers to the states

to statn.s wi th l [) ;rJ=--t-Z
b jand "Mass M contrihutes to t"l0.

j = -€ ~ 1 and t-e-
~hus a 'p8rticle' with snin j,

to.rms:
(i) 1'0 DR r t i a..Lli.3. If c_s__ X ~ ±!'_i__~

only 8/(,- c 8n+;""'i 1111tes

(ii) TO--22{1rtial 1}]AV0S j = L -±- __
only 0 O' c')otributes

TI J T
Thus

A -= ~, [ ~: ':JfPj ~t ("'"~"')+ ~~:: j) TJ; _ { &r16u) ]

1'\DaT'ticln. Hi th (B -=- I " ,.)..J -~ U

1-- 1-+- J- ~ 1 -- .J- S !J/:' h that IT.2. '" ?.L..-

as tlJ.e f1T' N relAtive 'Y)"lrity is od·-1.

l"hus a YJa""'tic'118r 'Jole teT',n wi}.l be Chp"':'3ctcrised by only

one COl1st::mt C (' oj 1) ) ,



Pl-J· J:: cJ.+ t
Notin~ th"lt ?1 I (CAy) t\,L)

1, -:. J -r.L2.. - cL+ I , tho T)'Hity is ..f+1 «-
Fd (-I) ::_(::-1)

whic his Dosi ti vo, whi 10 for tho Dartia 1 \:/·'3.VO -e -=- J _1. - 01.
<1 2. .J

tho DArity is nO~Ativo. ~ho roverso holds qJJd ?or an odd

and nasi ti vo 1J::Jri,iy, only the 1-= j -+ i
~ cJntributos,
vR-~

LITC>l.('''-»)
A- -) + ( I 1- -e /

;l ALV\- TJ 0( C <.J-)

':i'or a tra joctJT'y '..ritl-j Jdd signature .qnd odd Dari tv alsJ, OnlY!~_

cJntri ljutex, and tho .<=1symDto-l::ic},r;hav:L·'IJ.B :i S JbtAinod by merely

l.-·Ii ~...D (.. n D( ( (-' )Jalterin~ the si~naturo factor ahovo to ~

~
and negative Darii:l., or with An odd &~J?;naturo And Dositive Darity,

only tho .R.. - --I __ 1. Darb.Al WAVOor l contri butos,.. . - J .2.. U.-e f-

(w- hv)
~r· ,-·f A , (,~.rJ



and + v-{.

and +ve
and -~

"J"::. 51;t

'"':'he

~a-1 ci...-;;;.

that thn

whtch hgs

..1. [~J...:t "J - .2.

J-:::: 3 f- 31"'--.1,
with j-;:t [~J-.2.-' .l

J:1ev with

Y)Arity ~ the tJ-*
')ari ty ('P.3/

1
) ~ tho

DPlrity (]).3/.t} 8t1d tho

1::: .~ anri + 'v..-e -r).'ui ty C ff5)'1.,) ?

~~ /~ 0./ Y ha s of.-::.0 ,the IV' -i\.eu, 0( = r the

N
¥~-\--

I ,aw1 t'1c has 0( -:::.:L.
••./~.¥-Y

)( and /v both belon~ to the
T - J...- - ~

at 18~8 Hev
~ .••.

N at 15~0 Mev

IV -¥.}');< at 1680

The !X')Dcr sisns (+)
to the ~sY)in deco~Dosition, Note that ~he crossin~ matrix

between the s anrl Ii ch8"l'lels is C!,iven by[A;~J] =-[ / ~J[A~~
. J l- J - (( A j 1.2

I 'A
. Jv~ . ~The , hclon~in~ to an odd si~nature and

(~ j
nositivG Darity tT'ajoctory, ccmtrihll.tes onlv to the i~:

r ~J -V-¥And the N
!.-I

with an Or1~

J! li)
1) Q-

')artial wave wi+h a P8~~O~
. -to lv..)

cOlnlinrr, const8!1ts oF' rlisDersi')n theo~v,
-& ( W'vtJr- )

rr dv c{(u-.) f 2.-
~ yv\..rJ

Scattcr;ng, and Associatcrl Dr00uction



in tho t ch8~~al which ~etornine tho ?~rw~~~ scqtterin~. rhe
/ "'\..'-~'- et~~y,..(1!- '<1.')(4-0.. "'"'iY-'f and W hAvn odo sj~n,qtu.Y'e ,gnr1 odd DArity :--The 1 . ('>" ·(' •.fl-l

P '"", piamDlitlldte wi.ll bo d~rnin8tE'd "\7 the - and w gnd V'.
~J')""r-' -:.Q.,y 4v(A..1I\;Y- ( (', e- .)

oxists, while the '1'l1'Jlitnrle wi.ll bo detorrnined mainly by

the J trA jec-:;:)ry.

be more cO'llDlicAter1.

Ilhe 1,8ck~..;,grd sC"'ltteY'iniS ~401J1'180 deteY',nined bv the 1\ and

z] 'I):)les ;:wd the vAri-;us Y -V- res:)nAnces. One may eXioct
(J oS dL-v~

an even si~n,gture traject:)ry wit'1/')AritY•5-=_1 Sind L ~ 0 carryin~
" '~¥~ .

tho A ::>no the Yo ,'''It lq15 Mev, An evon si~n,qture, Dositive
2J '

nqrity I::: {~q-:;;...-,( tT'aiect:)T.'V with the', ',' y.qn odd si~na-

ture, ne~8tive Darity 1-= 0').5-:.: -,I trajoct:):ry\IJitf-J the

(ilhe l.gst wO'lld s:;ive P 1::.1 harv-;n trA iectory).

In K/'J sCAtteY'inR:, 'JnE' h'1s the s.grae 'Joles in tho

And n~ne :Ln tf-Je 11 channal, fJ.nless sOflle 1<+/0 res:)nance

t channel
.wx (.5" (j, /

..: ., -

I\ssociAter1 nt'odu,:tion '7T -+- ,tv ~ I<+ Y ~",ollld be

~ove"'ned in the forWArd dj_rocti~n l,y the I<Jf trajectory

wi th odd 8i ,,;nAtnro, odr) 'OAr" tv, S:::..f

other 'Oossible (j<'TI) resonAnces)

by the A, 21, ann tho vqrious



Y -t rJ -~ 7T -:- f\! ~ '(+/V ----7 K-j-Y.
. ~·O~·">?5f.','''C! c·"'-r

t~ t~D/rc8cti8nS wi.th
f'.,

~¥'-l
incio Di~ns Gxoent

'J

c8rJtY'i.hl.lti~lJS must VAr.ish ;,t the nhys;c81 rJ8ints c-.-::;' Yvv7(-"-

122ITorJ_-_BRrY..QIL2£ gtler':nr~,

l"je 'TIia:ht tAke AS eXA'D.Jles N- tv: scg",:l;eTin'~ .gnd A rv scattcri

L fd' I\! IV 5 c,·ct,., '''t o,v·,) b ¥ .A "j J
5 indencndcnt p,rn'JLi tlylcs I ''1rYl .l:':)r NN

f...

'.' AmDli-
\ /' (Q.. ).>.5'- •.•.,.)0'.

, :-..: -.' ~ "1 j"""

C8rnbinAti:Jr] o~ tho helicitv ~mDlttu~es.

l'he co 1Dle tc; anEllvs is h.8S bncn:rj ven b,'J YXoi~-Mlnvrr"" ,
'" .

lectlp'e. .1\ rOiJ-:;h troeAt""lont HhL-;h ASSU:TIrs thAt tho 'TIAin fe"ltures

d8 n8t rlonGD'1 ''TIuch 811 -She snin ,.,!,,",S ';~Lven 'ov !-Mar]i:i-8.:H1nO~ Bari ta

d Dh . 1 1 ' ('1) °'1 ' 'f) ~~\/. j~..CL '~r'\ ..' 0' 1an .f'1 ... '1')8 r"r--J/)' J'. _ /0...> 096~) : .,
N/'J scattc":'in~ is domi-

1)1
I

IrJcllJsi8n 8f' sDin ef'{'Ects lOAds t; 'Jrer'licti8ns rO';I'lrdinCS

thr; n81ar-isation 1')-r8'1IJcod (-ref', 'r/ '-{Cl.-"'"Ov ' T-R-,,<: 1<..\!.v. L<-tt.:2 ~y(.
" • J-' -(J,q(J)

~ sin~lc ~oaqo t-rqjoctorv 180s ~8t a:ivc rIse t8 any n81nrisati8n



rho DolR~izod cross-section nt q ~i~0d (smAll) valJo of
tis Dr 0d Let r: rl t 0 rle c r 0 '1 Sc wi t h i. nc r 00 sin' r, en 0 r ~y . ( ee ' j C-1;)) k\ tJv\..

J.... qr. e.--G ,
- V'- ' lf.J,-{/ .....•~t..,..J

}.(}/ ACRttG""'in~ is symmetric")l 5n tl-Je t 8nd 1J. chanlJols And

honco in tho ~orwRrd ~n~ bgckwarrl directjons. ~owover, it is

not so l\Tith NN sCAttorin'7. NJI sCAttod,nf!: with Ro;~o Dolos has

hoon st ud iod hy va""'i 01J.S ~OO~ 10 . [0. '3. S', /JL\,')!va.. lrv"-i/'" Pnat, T¥ea( . 'P-f.-'J). ~
(j'1 G.1lJ u ,-'7or1..rarr] .N)/ sC8tteT'inc; will bl] deto-r.:ninod by tho same

sC8tto""'in~. Bacl{ll1AT'rJ.}lN scattel'i>, r mAV show tho doutoron tra-

j octory, with ;:Jdd si c;nAturo, nasi ti vo T)Ari ty, B -::::<~ ) I .::..O.JJ-f..:..,

-rho virt!J.,gl sinc;let ISo st,te l'li.th OVGn sio:naturo, Dositivo

t ,o~...a

f"./ + tJ -) N + N ..v-



N+ IJ ~ IV -I- ,'\./ -I-'7T '11 +- I'J -l 7ft N-+ 7r,
---':> rJ + rJ +.211 --) 'II + IV-+- )<1\

? -I-- rJ

"-, --t-- !' I -\'
:( ,

H'-r9bl.tschi~ (ontofS:Jllris .qnd "fC)n: h.q~,'(~ r::r;tc:'c'rtod to "'it the rJAtl

• I )( I ,'>(
-l IV -+ I\)

T - )~- - :2

One '11i~tt s'Jccill"lto 'rhot:j0~~ t~,~, '11~:)ve C'1n -ho CSono'Y'Al:i.sed t:J

gny ~oA~tt:)n in which tho~n 0'0 unll-se:)R~8ta1 ~o~w8~d and bACk-



In tho next lactu~o ,~ sh~ll be~in R study of ~o~~o Dililos
in A rel~tivistic thaorv, i.o. 5-m8trix



A (s, t) at large t is given 2~
I- ) ~ (3 (-'» t 0/.. (.J:»A (--2)':' \. ,

Crossing symmetry implies th2t ths ~chaviour at large s is
,"t) t 1. IA (-:5 , t) ~"r3 (t) A 0( '-, --8 -7 oC'J, - -D~ x -e.a. I

The question 0 f the asymptotic b~haviour 0 f the

amplitude is crucial in a disper~ion theory. Two types of

1) l,vhena particls'Jf spin ?.t is ex('~"(mgedin two-body

scattering, the amplitud~ rl.ivergec: at lar~"":;nergy, as it is of

_P,{! ( c-"vJ et)
t - "W\. L



- 14-6 ~
2) The Gribo~ paradox:

(Ref. Froissart's 18ctur'-'sat the Intern'Jtional
E1'\,.v'\~';)

Atomic~ Ac~ncy Seminar, Trieste, 1962)
~he observed bebdviour of the scattering Cross-sections

semi-classical di ff-rc-,-:;tionpict1lT8 which implies the assumption
i;:p A I. I, \ L ;, #(t) (1-)~ /: . .q \ J

Gfibor' pointed out that such a pictur,:,was not consistent with

Mandelstam representati on~ Using (1) and uni tari ty, the double
spectral function f (L) t) can be calculated; the result obtained

- . Co2)

, I,)' Q 4 ff ,t- ),f l /",' '~-<) "', -wv \.

shows that the old diffracti~n mod21 for high-energy scattering
is not valid; it would be resolved if the amplitude had an
asymptotic be~aviour

A (~J t)
wi th c< ~t) real and < I for t < 0 an(: r:omplex for t? 0; thi s
is just the Regge b8haviour.

/

K"Zwanziger, Bardac~, Oehme anf by ~~nd8Istam.



B) Regge poles from the M~delstam representation.
The follo\'ringque stions immedi ately ari se:

1) How does one define a continuatio~ of the amplitude to complex
~ in a way that i unique and preserves unitarity?

2) Does the scattering amplitude A (s,t ) have only poles in
complexX , or also other types of singularities, esp.

branch cuts? And mol".;s'Ji3cifically, II/hatare the domains of
ho lomo rphy and mer.omor]hy 0 f'11 (s, X, )?

3) l/v"'hatis the -::--':l2.tionbetl".,reer1analyticity in angular momentum

the analyticity 0 f the ampli tudf) in £ ?
We shall first ask what is the relation of Regge poles

obtaining a Regge behaviour from unitarity and qnalyticity we
shall consider lat0r.

One of the questions emuhasized by Che~ an~ Frautschi in
Po..J\. (: , ( Q e...',

their early speculations on R~g~2 pol~s was wh8ther the variOus;
could be distinguished as el~m~nt~ry or~n-el~mentary.

The exchange 0 f a single ryarticIe 0 f spin ,e give s an
L 1amplitude that behaves as s for large s, -being a fixed number

independent of t. The exchRnge of a single Regge pole would give
c«t)an amplitude that behaves asym'/toti~(~l~! as s By obtaining

the power o«t) from the !,Jeak width in fOrl'-lardor backward
diffraction scattering and examining whp~~Gr it is a constant
(= Q, ) or whether it varies with t~ ons rcty deduce 1Nh8ther the



ary particles is possible, all particles must be Regge poleso_7

The argument given abo~ has the fallacy that it is only

the lowest order contribution the' }).J le terT'1'- that behave s

asymptoticallY as ~Se ,with { fixed. Hi~hor o~der contributi8r.

may add so as to give a behaviour s 0« t). In fact, Amati,

(

Levy suggested that the radia-

This suggests that perturbation th~ory, when considered to

all orders, leads qui te generally to a Rc;r;e behaviour 0 f the

scattering amplitude. T;/02 3hc~.11 prove this, follm{ing the method

given by Pol~inghorne. 2)

the Regge poles lie (for large~) at

to elementary particles.

I) lJV Q £;-# l1 ~35( Iq b '.)~ r1".~S,· 1(v. J-\:.lAv _, .

"'l \ Ca- y,.", RJ f-\. J q,v P1k- II' {"L y'v L.- .
.t... J "



by the exchange of N*, N*+ v, etc &8 given by the lad~er
diagrams in the 1> channel (in the limi t t -4 0, fixed A )

o rJ

+ -errc + ,i+Lr--;-" +-_>.-lL- -)- - r- - L..J
- 1T \
I I 'f\

---/~11 I !

'I~l +
/' __ ~ :>,-;

,N ,I,

IY'",J Qj.t~~J-'v

G-;11-MCLrlD . "" 1 heWS suggest8d th,-ltthe nucleon may be reggeized in. l-
an essentially different way that does not correspond to its being



~ 4 00» t fixec, be 2quivRlent to the exchange of a

nucleon traj ectory. i-Trioy find th2.t thi s happens only ''''hen
Ij ,),-W..;J- (\/>

the{meson in'TOlvec1 is 2, vector mesonf.jand not when it is a
/' :4 I 1... =vXNVpseudoscalar meson._·_7v· ·"J,.tIV

-I- I~+rr-f~' + ~""'~+. .v-.

~_-rI"'~4- .-r'w.~)-.~ .~ .,V ,-

If this is proved it would meeD thet even when the

1;!E) now consi der the question 0 f high-energy behaviour

in perturbation theorY. lye shall follo1fl the method given by

Polkinghorn<=: for finding the a$"mptotic behaviour of a class

-w'- u1tvPe"c ~4,o-!
We consider the class of ~r diagrams shown, taking

all the particles to be sc~lar, and assuming tri!inear (Yukawa)



~
, I
I~_! + - _. -t-r~

'l'V"uJ,t,- ?0"-' r'~-cF~l
The - .:' di agrams may be de:flned as the clas s 0 f di agrams

any number o.f narticles in the s-channel intermediate state,

but being such that no two lines cross.

fixed, as the exchanged particle is spinless. If the total

amplitude (i.e. the sum over all Feynman diagrams) has the

asymptotic behaviour A (s, t) ...;. ~ (t) s ~(t») (- f,-)'.J;
~. ~ tP ,



p«(-)}7_ ~ ]+ __ - ~""q..6 +- - ..
.'1 I 0

+ -A {d.([-JJ :.-(3( tJ ~ d JyCT't .?.J:, + -

The first term would correspond to tho pole contribution if

If (wheI'8 0(0 is the

If we find that higher-order Feynman diagrams contribute
terms to the amplitude that b')h~ve asymptotically like s o({J logs,
s o(c log2 s,

However, if the amDlitude has a R~gge behaviour,
~ (t)s ,A (s, t) -.. 13(t)

s-eo
and ~0 is not zero but some negative number)o(o = -1. -9., etc.
as happens in potential scattering, then this d~es not correspond
to any particle being reggeised.

Take the 4th order contribution of fig. (ii ). ~he

(f7-~J 10-.(

/"-'\

$::;:;. (Jt+CU\ ,
C::. ld I + eX 3 )

52.::: -A
)

['-1:2.. _ •of.. "' ./.'
~



This may be simolified to give
M = c j? ( dvc«, -- c~cI~ ~ (I - 2!oC) ,::-1'.2

o i J)o

where D = D(s, t, <=<)::: - [6/ldj /:>
I

+- cild~ C

what is the asymptotic behaviour 0 f ( ,~

S \clol, ,~ tit 0("" S ( I -'1!.oL. ) -~---- .sr- 2 --J ~.
'01 ~ +- .-i ; d.... t + I Cd ~ /'-4 '7r ~o L !~J~ ~~, ~-'

Polkinghorne has given the folluwing mnthoc of finding this.
::. ~ve want ti;"~elimit 0 L.¥;.( s, t) for fixed t as s--!OCt-

If the coefficient of s i15\/thedenominator, viz.,
~l ~3 , did not vanish on ~art of the boundary of the domain of
integration (eg. if the limits of integration had been 2 and 3)+-.o-dv
the integral would have,the asymntotic behaviour ~.t •

!~ - ~

However, when <=<1 = 0, ~ = v, the coefficient of s vanishes;
this results in the integral decreasing less rapidly as s ~ 00.

I-If the coefficient vanished in some point within the region of

Id I . 7wou still be .J.:l- _.
by the contribution 0 f a small .region noar <=<1 ::: o.

e
1 St I~ \~ CL0(,0.') ----------:-\:-1 ~

.J>->cfJ 0 - [cXld-3/~+ J..(.xL";:,(,,,,/:./j -

all but the first term
E

T -) S
<)

i <:. rf= ell:l(\/ - (£
() Ci,A c: +

Thus the 4th order diagram

, f ~
I + ..& e ..) '7 -" ~~ --6 ./; ..e~3 C I -r ~~DC A

gDf8S a contribution that b~haves as



--'5' 4

'elementary particl~1 ]ole.
We may ask what is ..the nature of the radiative correc-

k \.t) )

I«t)

1) The result given above 1.<:; obtainc,odby sur[w_~..ng the asymptotic,

diagramf, in general.
2) ~o = -1 for the ladder diagramsconsidered above. ~hus the

pole that is reggeized has ~o ~ -1. Diagrams 8btained from
the ladder diagrams by crossing some of the internal meson

, tt..~')
..~•.:'f. b.:n..e s s ~.",. S" to-r

that reggeize poles vHth <=<0 = -8, -3~' .
'" f) Co /,.. ,Id, {- ( ,r:. ,.\"V.{..l v-eJ.- ~·o.'"1'- ~ i:.,C "'Ii"""'" '.::..'\ J'V"-A - t~



3) In thG fourth order di agram considered, the asymptotic bcha-
ii" (-N:.- r- <: 'J \\. >',' Ck I~ v"'- t.,. ~ .; (~

viour is determined by contr~butions/from ~l = 0) ~3 ~ o.

This corresponds to taking the contracted diagram shown

of the momentum in the num,?::,ator . These may be obtained by

considering derivative couplin~s and/or ~~rticles of higher spin.

For .the nucleon p')ls in TI-t/ scattering, the situation is

similar to the above, so long e,s "e c')Dsider only the' radiative

'?[C.

)\

- ";),- _ ..•...

diagram gives torm~ behclVing like _I logs but
~

The matrix elc;ment for the fourth·

- (p) r ( et ~Jk
W ,~L LJ



As the y5 ~ c 3.n be removsd by 'Tler8ly changing the

sign of some of the momrmt,·, and .since ~ ~ Lh taken betw0en

spinor s are con c-tant s, the di agr at:! 2,hove has the same behaviour

as the one with scal2.r p(l.rticL~.s, 1os., it behaves as

s -+ 00, with u fix:::d.

{
-;; I-Jgs,

~
HowGver, if the y ~ at the vertic'c s 2rG replaced by

, I 5f A, as (in ~ompton) scattering, or ~h~n the exchanged pion in
r

the abvve diagram is replaced by a neutral vector mGson, e.g., a
(l I)f or a 4.> the matrix f::;l2mi::;ntwill contain additional powers

case will have

N =- Y;~[ G (11- f )-~] L y_c- r G( P-f) - tV'J L (~

'[t'CJ5\-}<)-hAJJ Yil-' ;-

whereas for c6mpton scattering, it would have

N := ytv [t- ( J6- - f) - ~ J 12

~[( (tjr-y)- w>J t [,</,- j,( ) -,.vj ~~ i

~.~ \



In operating II;t'\ and jlo

This extra power of marne ntum gives terms that behave as logs.
As the nucleon pole and electron Dole have «0 ~ 0, such a
fourth order correction) together with higher-order corrections,
maY 'reggeizet the nucleon or electron pole.



one in dealing with strong interactions, it would be natural to
ask whether it is a useful one in ths domain of electromagnetic

the possible consequcrces of the phot0n being a Rsgge pole.
L- Phys. Rev. 1ett. ], 403 (1962~_7. If all mesons and bartons
are Regge p->les, ')ne may ex~ect that leptons and the photon should
also be so, if strong, _t(lc.lt.) W\.(f (0 '\< U'·).,andweak interactions are to

be treated in a unified way. HJwever, the photon ~nd the

unique position. It may be t~Qt they are the only 'elementary'
particles.

reggeised photon w~s that if the photon were elementary, then
the one-photon exchange contribution to pp scattering would domi-
nate over the 9urely stron8 contribution from Pomeranchuk exchange,

d. I' (t·) - I t « 0

as the latter has a dam Ding f"'ctor J. J 01
7
(t) < IIA~ t. (1. e.

in the physical region), ',,!hichdamps its 8ontributlon at high
energies. L-The I-photon exchctlg·-term has no such factor.:..?It
seems unreasonable th~t th~ 0Jactromagnetic contribution to pp
se attering should domin~ t:.: 8,Fr t,t., ::'urelystrong contribution;

.TVvct \0 7'\.'; J
Blankenbecler et al l that tllis ItJ"Quldbe averted if the



this exponential factor as arising from the ex~hange of the
positronium Rogge pole. If this is correct, one may say that
the effect 0 f the infr a-red r adi ative corr(}ctions is oqui valent
to that 0 f the :')ositroni u:n R(~g~e pol'J, just as th,-:>effect 0 f the

\

radiative corrections to backward 6onpton scattering is equivalent
to considering the electron as a H'2gge pole. If the photon and
the electron arA Rogge ~)oles, this would imply a doviation from
the predictions of quantum eliCctro'lynamics taken to the first 2
or 3 orders. The consequences o~' the reggisation of the photon
have been noted by Blankenbecler, Cook and Goldberger. All
the invariant "':Jplitudt:;snmV' ~ontribute, eg. , G - rr scattering
is determined by 52 amplitudes and t; - jY scattering by six.
The 'form factors' no'.-l depend on both :he enersy and momentum
transfer. Thore would be deviqtlons from the RJsenbluth formula
for .~/}( sc-attering. {-P. methoo of finding C<y({}') would be to use
a spin-zero target and find the ratio of th~ scattering cross-

gies El' E2; this ratio can be shown to be

0-"( t ~UI •

0-(1:.
1

'l t)

- Blankenbecler et a1: Phys. Rev. Lett ~, 463 (1962;_7.
It is known that r2diative corrections arising from

multi-photon exchange give qU~litatively the same deviations from
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;pwest-order (ono-Jhoton exchange) electron sCRttc~ing(. To ftn(
/'....

out hether the ~xch"nfYe orn I ') r:; ,,,h-tone: Ynr,-y ~-"m -1-0 1""0'-""W ~ J \.0" u .C) , L), v)' - ~..ll .. " L ~ ll'C., ::;;:"~l v -:0::0', ":(

/~u..."",v
the photon pole, one has to - . thec~,; contributions to'tilC: 'natr-L:;;

element. L-Note: - As the photon is odd un.der ch8Tg-'-conjugatio'i,.,

of an everl number 0 f photons could "dY'.:: a traj E'ctory with r; -:::+ lJ.
/

Levy has sl...unmeda '12rgn number 0 f r,:.:;ynman graphs

involving th,~ exchange of 2D 2,rrli.tr:_'ry number of virtual photons;
~ ~~)

he dees not find behaviour of t;:"L-~ form -e and concludes that

may be tested by i0nlating the electron pole contribution in

~ompton sc attering ;c'nd in pair annihilation; Contogouri S has

;-
f A.fso ~

Neuvo Cim:,..,?5, ;?.3~' (196~h/
(, Vow,of(;;ti'f-¥':!/l j".::.Jt.1 ,'34'1 (;Cj,,{) ]

1'1hen a J::: 1 ';)hoton is coupled



· ,/ 'r .,F' t: ji .- ·'i ! .'J..

J = 1 part of the

the exchanged pole now include s a whole family of partie les

(with the correct quantum numbers), and thus inciudes a number of

Noting that
I (,+J- -p l eM e) ~ C (01 0) d- ( ~) t9 )

..1 J d(C)
-I

/, ~Y'J ·Tr d-..U')

[ci (l) ·-1] Cot (C' ) -+ 2J

CTv , S (t)

A~)proximating c< (t) by a linear function of t gives

back the pole approximation of dispersion theory; taking it to ~~

form factor s using a quadrat ic form for.· c< (t),

f __ 0( (n ~ Ov -t ~tr + c. t t -



obtain the
I 1

fI"" " - ((-)~-II .
F~:;L((;)

j

two-pole formulae
I _

(f- .t~) (--;-=-=}~._)~.
" t,O

~.' (_'_1 __ ) ( ( \
\.l _. Liz ,J / \ r-:-':-/:: )./ ) .

r~~ults were obtained by taking

elect~omagnetic interaction acting twice and cou~le the two-

photons to the strong Regge ~rajectories. Freund "'''':<~;-'':'';:'' j)
suggested thc~,t this contribution would bf3 enhanced by the coupling

to the spin 2 particle on the Pomeranchuk trajectorY, for which.
there now seems to b·:; some evidence. This \",ould give a correction

exchange to the Rogge trajectories would give just the Rosenbluth

expression for ~~;.Vseattering. )

i) ~,rJ \.l0V<J ((:"(0- ~ (\ Lj 0). )

A natural qU33tion to ask would be whether Regge poles

playa role in weak intere,ctions 21so. l.- ~ f K. Raman: Proc. Firs1
v

Anniversary Symposium, 1963, H...t science Re:Jort -1_7. R:'gge poles

may enter naturally into a description of \Neak interactions in

> t .: tion to thi s apparent divergence may be that the sum to

all orde" s hF..;,S an expo~nti21 Begge-type factor that damps



as seems to happen \Nith neutr8l vector bo sons. The ladder diagrams
,J lV}YV

may also to give a R~ggc behaviour.

currents. The high-energy differentirtl cro~s-section of a

neutrinc reaction ]J + T -+ Ii' + ·f is no longer a quadratic func-

tion of th'? neutrino momontum Pv , th,:l IGp~on energy E-e or 00 8
11F

(as it should be for a local l~~ton current; it is asymptotically
'{C>!lt) - I

of the form J> A.s for a reggi zed photon, the Irfeak form

momentum transfer; their energy dependence would be asymptotical-
oCt) 1ly mainly in a factor s \ / - .

Some other consequence's have bbsn discussed in the

reference fiven above. L-

an odd signature, li1\:8 the ?OYT:.(0U~Dr:huk ti'nj ()ctory.

The role:> f Pegge poles in ~,.Tea/: intr;raction form

actions, L e., of tht; usual pole terms, 8. j., thp pion pole in

~ dec ay, the K, K/ , and K¥ poles in K ~md Y d:~cay > ~?tc., being



The idc2 of cons~Tvsd currents has play~d an important
role in the theory of electro~~gnetic ane W8?K interactions; it
implies that the s+rength of coupling of the current is universal.
We may conjecture a DQssible g8ner~lisation of this to an ~-M~trix
theory with a reggei zed photon Jr rJ. reggel zed ~e8...kcurrent vi z. ,
that the universality of coupling ~(t) holds all along the Hegge
trajectory.

are to be answered in relatioL to Regge Doles.
1) Do moving branch-cuts occur in the t DIane?

Th~e sesm to be connected to multi-particle inter-- ,

mediate states? we shall exa~ine this ~uGstion in a later lecture.
2) What i 3 the experiment 8.1 sL·~tus regarding di ffraction scattering?

thought. This may be experimental evidence for moving branch-cuts
in the {,-p1~.n·3.



reggeised by vector meson 8xch2nge. *
lrJe sh2.11 de::l '-liththese 2.nrl other topics in future




