
f 

I 

.I 

P-5~ 

OB'bE.O.HHEHHbiA 
HHCTHTYT 
.R.llE?HbJX 

HCCnE.llOBAHYI~ 

Ll.y61ia 
R2 . 3521 ' 

R.J.N. Phillips 

HEGGE POLES: RECENT PROGRESS · 

AND EXPERI~iENTAL QUESTIONS 

These notes summarize two lectures, 
~ given in J une 1967, at Dubna, · 

in Laboratof"Yl of Theoretical Physics 
and · Laborato~of .. High Energy PhY'sics 

Repr<Xiuced directly from the publication 
T.P. 295 A.'E.R.E., Harwell, England 



R2 . 3521 

R.J.N. Phillips 

REGGE POLES: RECENT PROGRESS 
AND EXPERIMENTAL QUESTIONS 

'l'hese notes summarize two lectures, 

1given in June 1967, at Dubna, -
in Le.boratory',, of 'l'heoretical Physics 

arrl Laborator-Y, of High Energy Physics 

Reproduced directly from the publication 
.T.P. 295 A.E • .R.E., Harwell, Engl4nd 

ihtl<IE.~Mit~l !MCTm1J 

g·r-~Hhl.X I"J:I:'-' il ~:.i(O~P.t~" 
5~C ... .ni-lu·, Sci · 



1 • BACKGROUND~ 1) 

For. ;a _;two-body process a + b ... c + d (Figure 1), a -Regge pole exchange 

amplitude at high energy ha s the fo~(Z) 

( 1± exp (-h<t. ( t)) 
T = !3 t) - - -

I S \a.(t) 

\ ~) ' 

( 1) 
sin na. ( t) 

a.(t) and ~ (t) are the trajectory and residue functions; s and tare 

invariant squares of energy and momentum transfer; s 
0 

is a scale constant. 

The s i gr&ature ± determines whet hc•· ..,he pole a~) :;;ears i.n even or odd 

l ' 

a.-:,:) . .:~ ar mo~nta, in the r,-channel. 

On t.'l e Chew-Frauts chi plot, the movi ng pole links t-ci1annel patt.icles . 

(t>o) wi th s-channel Scattering (t<o)' giving a sophisticated kind of single-

' •, "\' 

part icle exchange (see Fig.2)~ 

Here are.-' some
1 
properties of }egge-exchange . 

i) Shri nkin~ . The cros5 ::;cctJ.on from one po:c has tile form· 
· ,' ... 

I , 

dJ = F(t) (sjs)2:L(t)- 2 
dt 0 

(2) 
.1. '. , 

;~~ ;:;xpec t. da. ( t)/dt > 0, so deY /dt falls faster at larger moment um 

·;;.;--c:;,;:;fers (-t), aro the shape becomes narrower as s increases. We c~"'l 

f i nd a.( t. ) directly from the experimental s-dependence of dcY/dt. 

ii ) Connection with particles • . Values of a. (t) found fran 

scr.:;:. r.ering nust be compatible with kno\\n particles, on a Chew-Frautsc~·:.: 
. . • l .. 

j) 1.(iC. . 
j _. 

ii.: ) ?;•::c;e-Energy relation. In the scattering regiqn, a. and t1 are 
. : 1 

r {;a:;. ar. .. (.he phase of T is fixed by a. - i.e. £:;· t.he a-dependence - and 
,. 

::-y ..:.-. e "'ign~ture. This phase rule follows, v::.. ~ uispersion relations, from 
·.· . ( . , . 

. ... .. 
the sim;,:lle power dependence ff". It is non-t.-i \'i al. The same a. -dependent 

( 

'. I ·- ' 
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phase ;•,ould hold asymptotically for f' (lns)-N dependence, but fitting the 

latter to a set of data would give a d.in'erent a. and hence a different 
- : z.::. 

phase. 
. ;·_ .(_ ... . 

iv) Spin-flips have same phase. In general p ( t) is a sum of spin 

operators, with real coefficients in a suitable ...::.convention. First-rank 

polarization 5J (the simple lO.nd, with on.ly one ~.spin measurenent) has the 

form 

I , '"; t ~ 

<J 
(("f ~'~ l. 

r 
·> 

* dP'"/dt "" ~ Im (Ti Tj · } (3) 
. , ) .• ,!. 

, ' ' • ~ ' ~ , ; ~ \..I :... , .l 

where ti-.::! 'T i ·lire various spin coefficients of ? • For one Regge pole, all . 

T. have -c.he same phase and j) = 0. 
~ . 

. :<.: i'':" .. 

' . J; f'.j • ' . ·: l ~ • 

v) LeacU.rig spih-flins have s ~:ne s-dependence. The conventional 
' • , ; I '' :.;/ · · ~; , ) , · : 

invariant amplitildes" for spin-flips have lower s-depc:1<1ence, but this can 

be compensated by the spin operators they multiply. I~ d;)dt , the leading 
.:: 

spin-flip and non-flip terms have equal &-dependence. 
··: , : 

Vi) ., l~ ~ t : ~ .. , I'""' , . - • ""'.f'"' ., ':) ;:,pee • ~c sp~n-a~:: , .. '-:~ .. '"''" - · 'The spin-ciependehce of a Regge-pole 

exD'1ange depends on tr.e quantum nu;nbe rs: i.e. on the kind of t-ch<1n•1el 

particles it can give. 

vii)Nonsense zeros. ~ (t) contai ns generalized Clebsch-Gotaan cbefficients, 
... . I 

depending on a. (t), ·which vanish for ''nonsense11 couplings. ''Nonsense" means 

t;--.~·.:. a. is a negative integer .:(half-integer for··retrnions) o+·' tr1at ; a _. rea! 

p~. -..: ... cle with spin a. and simila r 'Qli-ktttid m.unber:~((ignorini signature) 

CJ.:·J".ot · couple. ~ Since the numer atc/r · si r; 1-k d also vanishes at nonsense .: . 

pv.Li-.:.S) T does not vanish unless the signature factor · [1 ± exp (-i 11: c.)] 

c....!.::.c · vu\ishes. Hehce ~the rule: T lt<:.s · ;{. ~ rof' at nonsense poi n.ts with 

11v.:~~o~\g 11 signature {but see also §:!)~ 

Consid l!r Regge-p '' exchange i n ,.:\ ,- SC <1Cte r 'i..ng . The usual ( 3) invariant 

a.ilplitucie . i3 is nonsen se ~t ci.p~ 0, bcc;J~. c,'c s calar mesoh exchange giv es none . 
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This point also has wrong sl~ature, ·soB ·has ~ ·· z.etc;. · :·, ~re aen~lYt 
. ·.·· . ·' p . . :. ·. ·:: . ..... , .. ·,,:,·. . .. " :. 

_aey coupling to t-chantlel s~tes with _net ~e~icity :,~ 1~2 ~~ . is nonsense 

for a particle 'With spin J < 1">..1. - In the example given, · a corre~onds . to · 
' . I ' .· 

NN helicities (!2, · ... ~). 
·.:'! 

The vanishing of T, or part of T, can give:.mini.ma in dT/dt . and sign· 

changes in interf erence terms (e.g. in polarization). 

viii) Factorization. ~(t) breaks into factors characterising 

the two vertices. 

. .. 

f' (t) ~ ~ac . (t) 'Tlbd(t) 

Thus different processes are inter-related. 

· iX:) Crossing. Regge pole amplitudes for a + b ... c + d arid e + b .,.· a + d 

are simply related, since the ·corresponding t-channels difrer only by 

interchan~ng a ~c. For example, if a aria c are spinless, the amplitudes 

"•.iffer by the ~i~ature ± 1. 

Ir two Regg@ poles ~re identical in all but algnattire ( a eaea ot 

"exchange degeneracy") we might be tempted to combine them. But the 

combi nation would not behave simply under crossing; well-defined signature . . 

is es sential. 

; I 

' I 

f·. l 

[ • 
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Branch points~ . The- exchange of two or more Regge poles, in diagrams 

(like Fig .3). that .have a third double-spectral function p (s,u), gives moving 

branch.-points:·in angular momentum. Fo·r linear trajec t ories, ·a. 1 (t) ::::a. i ( o) + 
f 

t a. 
1 

, the two-pole branch point is at 

:~ . ~ .. 

' ' ' t 
a. 1 2 ( t) = a. 1 < o) + a. 2 < 0 r - 1 + t a. 1 a. 2 I (a. 1 + a. 2 > .(5) 

In general, if P is the Pomeranchuk pole (with a.P(o) = l), the (P+i)­

exchange branch point coincides witll a.. at t=0 and lies above it for t < o. 
l. 

The branch points for (mt.u.'1y-P + i) - exc..'lange als o coincide at Go and lie 

still hi[;htx:: for t < o. T~-,e corresponding br<mch-out contributions to the 
... . J .; · ' · · 

_scatter~ng amplitude are like continua of Regge pole terms - up to the 

brU;C!'\ points. Hence, for t <0 the brancl'\ ruts must ultimately dominate 
'·{:·. . .... 

over s.i.:.gle poles at very high energy. This is a pity, . since cuts have 
. ' : ; 1 . ... ; ~ ' ; :' 

many more unkn~n parameterso 

However, perhaps the poles still <ic.rn.i.nate at present accelerator 

energies. This is tacitly assumed in Regge pole theories. 

Test cases. 
' . ... 

Regge-pole pro perties are tested convincingly in reactions vvhere only 

one k.icvm pole is allowed. - 0 The best case is 1t + p -+ ?t + n, where the 

selection rules permit only p-exchange. There are good d;Y/dt data up to 

13 GeV/c, for ; t j < 1 (@eV/c) 2 • 

The S-depende~ce of dJ/dt gives a Lrajectory with positive s lope, 

highly cons.iste..-.-c with the spin and mass of p {Fig. 5b) - and also wi'th the 

p - -R and T mesons, if we guess J = 3 and 5 and extrapolate 0{ linearly 

(Fig.2). This checks properties (i) and (ii). 

Usinz; t:1e optical theorem and charge-independence, t he imaginary 

part of t.:1 e forward illl1pUtude is f vund from u,.,(.;p) - o-,(?t + p) . The def ici t 
! I. 
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in ·dJ/dt (t=o) then gives the real part, and checks the phase rule (iii). 

The rise of dJ/dt away from t=o suggests a strong spin-flip tenn 

{associated with the invariant amplitude B). 
, ·:!i 

But we notice a. = 0 near p , 

t = -0.6 (GeV/c) 2 ; for B this .is a nonsense wrong signature point and we 
,. 

expect B=o here. Sure enough, there is a nunimum in dJ/dt at this point, 

checking property (vii). 

Through the range 0 ~ t > 1 . (GeV/c) 2 , the ratio of spin-flip to 
'.~ 

non-flip terms in dJ /dt fluctuates rapidly but the 5-dependence (measured by 
.J·: ·- • ...... I 

a.{ t)) does not fluctuate. This checks property (v). 

Properties (viii) and (ix} give no predictions here. There remains 
: 01l>. ; , 

the equal-phase rule (iv ). , predicting tz c ·o polarization'. Non,..zero values 
• J, ~.J • 

were recently measured at 6 and 11 GeV/c: see below. 
f }';:;1 

2. i:>.E:":~~: r:." PJZOGRESS 
·. 11 : . i~' ·, ': 

; I. 

/ ; I j I ~ 1 , ·1 ' 

2.1 • - 0 Polarizat.ion ln 7\. + J>-)> 1\' + n. At the 1966 Berkel~ ~~nference, 
> :. . . 'U . ~ :~·. 

new 11.2 GeV/c data were presented suggesting- within big errors- that 
q t. .. 

the pohdzati oil p1·eviously found at 5o9 GeV/c rnight even be increasing . 
J ••• 

wit h ener·gy • 
. ~ .i_BJ~i : ; 

· L 

Final r e .sults(S) are less sensational; 

.... ~ - " ·-· -.. 
_, ~ ,. ~ 0.14:!: 0.045 at 11.2 GeV/c, J 

aver~.:;L1g over 0 .. 04 ~ -t ~ 0.24 (GeV/c) 2 
e 

(6) 
... .. 

: : ~ : 

c, ::; Cle,arly sometf)J.pg mu.s.t be ad~~d to Regge-:P exp-tan,ge, . • ;:l:;ar,Ly proposals 

wer~, to add a seco:n~ : trajectory p' (with , a./~ ?-p "!'"1) (S).:<>r to· add Brei,t.:-:-,Wi,gner 

t e.-;~,s to r epresent known s-channel z;-esqnanc:es.(?) no1;:h predicted:?. ~oul4; 

faL .. by abou~ 50% be.twe~n ·R . flll!i 11 GeV/c • . The ,exper,~ta+. erro..r:s above 
' . , . ' ... . ; ... . 

are t oo big tp exclude. ,t~i,s :,q>m;>;Letel,r, but;., the, ~~rgy depende~~~ does 

seem less rapid. 

Rev lscd pro.Posals have now been made. Logan et al5S) suggest. a ruch 

higher p ' trajectO.f.Y (pe.~haps rela.ted . to the. ~,(963) mes.~n). Since Y ....,S-IA 1 
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where ~ -~ I ' ~-, .;. ci ,I ~ Oo4, the polarization fali's ~ore slowly; s-channel 
? ? . 

• . .' . • ) ,, ;, - I ' • , ~.': ;' ; •. J ··. ~ - • , \ 

· resonances can lie ·au.U.ed lf desired. 

~other idea, not yet fully worked out, is that p and p. ;: ' traj'e'ct~rle.s 
. . ' . ~· : J\'\~i .' . . . .. .. 

intersect. If so, polarization from p-p' interference vanishes at this t-value 
t i . . · ' (10) . ·. : ;. . ·. ' 

Desai et al extrapolate the sequences of known s-channel resonances 

to include unobserved members with higher spins and masses but also rapidly 

diminishing eiastici ty. Thei. r rerult is that J> sta,ys almost constant 

between 6 and .. 11 GeV/c~ but ult.i.'Tiately has to; fall rather fast. At 

18 GeV/c, predicted J> ~as fallen by nearly 5~, for small t. 

· '· n~ru\·cit ~uts are -another possibilicy. The preliminary (and short-lived) 

r~pbrt tRdt j) incre~sed with energy was first hailed as a characteristic 

~ffect of interference between p and a cut, because the cut terms fall 

less rapidly than the pole term, asymptotically. However, we are dealing 
' ') • ) , ' • , , • : ~ . ' o.":' ' I 

with 'si.ib...:asymptotic energies, mere the con'ttrtuurn of Regge-pol~like tenns 

that inakE: u'p ·~cut has a ~an behaviour so~v.hat below the as~ptotic 

behavioUr: ·:A real.LitJ.c mode{ c(ucu'lation ( 12), with the p pole and. . 
the (p+ Pomeranchuk) cut, shows ,-that polarization should b.e de~reasing even 

up to 100 GeV/c, in the snall-t regloil ; ab~e;; Polarization vanishes where pole 
/ , , \1 
\0 • . I and cut 1:.erms have equal phase; at 11 GeV1 c this zero may be near t = -o.s ,_. 

(GeV/c) 2, but it moves to.-vard t=o as s ... oo (unlike the fixed zero from 

intersecting trajectories)o 

Semi~ernpirical absorPtive corrections ·to Regge-p ·exchange have also been 

::proposed( 13) ~ , They1'·give slO\vly falling polarization with : a· moving zero, 

-but -seem t.o: lll~k- · a; solid theoretical foundation. ·"' 

. . . - . :, \ ... ~ ... ; . ' . ' . 

Polarization data'·with higher' energy ·and accuracy would reduce the 

possible explanations. · So would spin-pa}fty ·d~terlni.natibns of the ne·w 

mesons, to decide if there is a p 1 particle. 

2.2 .. xonsense zeros. · il;"' > .. •' 

At t l'le .Berkeley conference· ·there were three prize examples. 
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i) 0 
?t + p .. ?t +n. The B amplitude for p -exchange is nonsense with 

wrong signature at a. =o, and vanishes to give a dip in d:T/dt (§1). 
p 

ii) ?t\ p .. K + + r. +. We expect K.* ( 888) and t' ( 1410) exchanges, plus 

perhaps s-channel resonances. The B amplitude for of' (888)-exchange has 

a zero at a.=o, · just like the p case above; t' ( 1410) has right signature 

at a.=o, so no zero. Datl at 3.2 GeV/c show a minimum in d:T/dt and a sign 

change in r.-polarization, near t =-0.6 (GeV/e) 2, which can both be 

correlated with this ~(888) nonsense zero(l4). 

iii) 'Jt± + p .. p +"ft.±, elastic near 180°. Here we have fermion 

Regge-poles in t he u.-channel; u is the invariant sc:pare of exchange-momentum­

t-ransfer (replacing t). Consider the N and A( 1236) trajectories; it is 

plausi ble t hat the nonsense point a.=-~ lies inside the scattering region 

and near t he backward direction, in each case. For N this point has wrong 

signature and a zero i s predicted; but A has-.right signature and no zero( 15). 
; •·· ii-~ . '' 

+ Hence we expect a minimum near the backward direction for the ?t p case 
(, . ., 

(N + ~ exchange) but none tor 7t .. P {b. alone). The data, up to 10 GeV/c, 

sug6e st such a situation and were fitted using Regge-;x~anges on~ (ts). 

Recmtiy it has been claimed ( 17 ) that a-channel resonances alone 
+ 

can explain backward 7t- P data, at l east up to 5 GeV/c, so case (iii) is not 

yet e stablished properly. 

The si mple ru l e fo r zeros, formulated in §1, has some curious 

consequences. 
: :. 1,',\. : I 

Take Compton scatteri ng and consider the helicity non-flip 
( 18) . ' ' . .;.) 

amplitude • In the t-channel, this means coupling to a two-photon 
• . . ;, f ''' · .. · : · .. \ 1 . r-; ' . .· . 

sr.a·ce with helicl t ies (+1, -1), Ythich is forbidden for a p}\ysical meson 

v.i t h spi n J < 2. 
. ' . . . , ... I . " . 

Hence this is a nonsense wrong signature coupling for the 
l .. i 

We have a zero in the amplitude 
'' . ·;..· ! . . ..• • . . . . 

and no Pomeranchuk term in the total photon cross section, using the optical 
. ' i :· ' . . . ' . a. 2-1 

theorem. Secondary poles give crT""' S ,with a. 2 < 1, \\hereas the integrated 
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Pomeranchuk conrlribution to elastic scattering gives CJ el- 1/(lns) -

apparently greater than CJT asymptotically! This contradiction can be 

resolved by cuts · from maey-Pomcranchuk cxcha11,1,;c. 

Recent developments have modified the \Vhole theory of ·nonsense zeros 

however(lg,zo). In general, fixed poles in angular momentum are forbidde 

but · u'ere is an exception; amplitudes can have fixed poles at the nonsens 

wrong-sigrtature points. · One finds that SJ.ch fixed poles have no direct 

effect on the asymptotic s-channel scattering, but can have an indirect 

effect by generating p'6les in the reduced residues at these nonsense 

-·-.. polh'ts~ · ·rr we 'Write the residue function 

' :. . .i - ' -~- .. \ ·:,. 

'·. ,. .I . :I ~ ·. · -~ ~ · "p(t) = !3 (t) C(t) 
0 

·:> ...... :; . :: , f l ! . ' . 

(7) 

. \\~i.e':.~ O(t') .fs the ge.11eralized Clebsch-Gordan' part·, the st.'atement is that 

C( t) st.-ill Vahishes at tre nonsense 'po.iil't (6tN' say)',~ut ; l\·~·t) can have 

a compmiii·ating pt>J.e . at the · same pointl 
. . ! 

{ , l . , , ·! 
, · 

' ·;< · • , . ~ - (t) · ='((1t) · + e{t)/(t:_t .. )~ · 
0 -~ 

' ; ;· ~· •1•• ' .: i : .t • ' ' ' • J • '- ! } ~ ' 
l:rt partirular, this reinstates the Pomeranchuk term in photon total 

cross sections {Zl). 
,, · .... 

1.'1 gen~r~f;·(S} · ·t.he . ,bcltaviru.r or - ~{t) · ~ow depends on the strength of -
. ···. ·. I ')'· 

If e ( t) is weak, it simply po~e ~~err'.l.clen{ ~(t) comp~~ed ·to y(t). 

- '; : ' . : ' : ·- ·. ~ '.· 
disnlaces the zero of ~ to a new value ne~ ~· If e ( t) is dominant 1 .. 

• i l : : .. 1 r . ... ) :t 

it removes the zero of ~ completely. Now the strength of e:(t) is detenni; 

by the' ·-t!.hird double-spectral func.tion p(s,u) -which also detennines the 

strength of branch cuts. We conclude that., .if braach cuts are weak, we 
. . ; .' 1 , . 

s:1~l ;·1robably expect nonsmse zeros as before, but perhaps slightly 

ci.i:; :)luccd in to 
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' 2.3 · Daughters and ronspiratorso In general 2-bod.y reactions w.ftii 

unequal n:ass particles, analyticity suggests that Regge poles 'occur in ' 

familie/ 22); lf a.
0
(t) is the leading (parent) trajectory, the nth daught.e; i. 

trajectory .a; · is correla ted at t=o by a. (o) =a. (o) - n. Successive n · n o . 

daughters have alternating signature , bllt othe r properties are as for 

the parent. No physical particles are yet finnly i dentH'led as belonging 

to daughter trajectories; one wonder s .tf t he l atter do in fact rise rapidl:Y · 

and give particles like the parent , or not. 

There is an interesting model calculation by ~wift (Z3). From an 

inf lni te sup of ladder diagrams in perturbation theory, for unequal 

mass scat~eri~g, he extrac'ts both the par ent Regge pole and the fir ·st 

daughter • . ,Taking equal internal masses, the daughter trajectory and residue 

a. 1 (t) and !3 ·1 (t) have no two-particl e cut (\n1like the parent). Taking 

uneqqal :internal masses, they have. tv:-o --partlcl e cuts but remain dominated 

by the three-particle scattering ru1d a. :
1
(t) move s 1 ess rapHuy· 1than·a.

0
(t). ,. · 

Conspirators were proposed years ago ( :24), but have only just · beco~ 

fashionable. They are sets ~f t-channel Regge poles that choose to 

satisfy certain s-channel c onstraints collectively rather than individu'ally; 

a typical conspiracy inc:ludes some trajectories coinciding and some with 

i nteger spacings , at t=o . Conspirat ors· have vari ous signatures and spin-

parity assignment s ; bn~ ; ~ommon · i-spin <'.nd G-patity. Two · questions arise. 

Do any conspiracies happen in n ature? And hew do they ·fit in with 

daughters? ·,:-

Gribov(ZS) showed that fermion traJect ories meet in pairs at u=o; 

this is a special case of conspiracy •. ·, But among boson Regge poles no 

conspiracies are y~t established. Indeed, in elastic scattering it is 

kncwn that poles are,not conspiring if trnzy contribute to the total 

cross section .(via tne optic.al theorem) ; this climinates ~he · best-known 

~· ; . :.. ' ·. 
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One possible conspiracy ' has 7t and an opposite-parity traj-ectory as 

leading members, coin~iding at t=o. The second conspirator need not give a 

o+ meson, if it "chooses nonsense" at a.= o, but will give a 2+ meson if a. 

&caches 2. The evidence is this. Assuming Rcgge poles only, without conspirac~ 

the 'it term in pn and pp charge excha."lge is large and incompatible with 

experiment. Conspiracy offers a solution( 2G). But this is not conclusive, 

for the data can also be explained by invoking strong cuts(
27

). 
' 

Recent work by Freedrllan and Wang(2S) suggests a connection between 

daughters and conspirators. When the initial and final t-channel 

states have pairs of equal-mass particles (like 7t 7t -+ NN), they prove an 

0(4) syllinetry at t=o. Poles classified according to 0(4) give infinite 

fami.l.ies of Regge poles, with both daughter-cype and conspirator-type 

inter-relations · at t=o. The families contain one parent, . or a few 

conspiring parents of different spin-parity classes, plus all their daughters. 

NN scattering is discussed in detail (t-channel NN ... NN): here the odd 

<law;nters happen to decouple. The poasible conspiracies e.re more restricted 

than originally supposed(2S), but include the pion case above. 

2.4 Double-Regge diagrams. 

,•There is recent interest in diagrams like Fig. Sa, . with.;two"'Regge poles. 

Thes~ are not the only contributions leading to three final particles, 

but it is interesting to see if they play an important role. 

The following properties can be seen( 2~~ 

i) These diagrams can only be important in the central part of the .• ·, 

Dalitz plot (the inner triangle in Fig.6). We expect the 

outer strips to be dominated by resonance production like Fig. Sb. 
;L 

ii) Each diagrum preferentially populates one corner of the Dalitz 

plot, since the vertices favour low momentum transfer. Diagram 

Sa populates the corner marked X in f .ig. 6; we pernute labels 
·' 

3,4,5 to get other corners. 

12 



iii) Longitudinal momenta in the c.m. system are pre'ferentially 

ordered pL3 > pL4 :> Px.s in the <Utection of par:ttcle 1. 

i v) At a ·fixed point 1n the Dall tz plot, the kinematics . become 

rather rigid, generally giving a peak for the distribution 

function in any remaining variable o 

v} Factorization relates the outer Regge-pole couplings to two-boqy 

:J, reaction's. In particular, thiS indicates that baryon exchanges · 

,,, . ~e ~elat.ivel.y weak and generally negligible. · 

vlf Nonsense zeros are expected, as before, with . new p05slbilities 

· at the cep tral vertex. 

Chan et al(zg) have compared such diagrams with data for 1t+P ... 7t+?t 0 P 

c::t 8 GeV./c, and iP ,.. K~ K.~ n at 10 GeV/c, with encouraging results. 

- - - . 0 +-Similar diagrams are also suggested by some pp .,.. P.JX.U. ~nd Kp ... .& ?t 1t 

data at 6 GeV/c.{30). 

, . . ' 
l . .'i 

3. 1 Asymptot ic spin-dependence. 

Regge-pole property (v) of §t allows a non-trivial spin 

dependence at high energy, which one would like to measure. The equal­

' ph~de rule destroys first-rank polarization in any case (Eq. 3), but 

not second...l'rank . ef'fects like the depolarization 't enaol" . I)iJ' . which • . 

h~ve general rerm I .,1 ' 

·~ ... 

: , ... t (9) f. 

·•.' r ! .• l: i ~~·, •' 

So these second-rank tensors are interesting~ They require~ spin 

cte ·.::. 2i'mi nations; e ~g. · ror. n~!i .(J>i iJ:xrttuJin.idal target · poliirlzation and final 
~J 

recoil '' pol ari zati on. · . Fdf mor'Ef ·discus slbQn :.see r:~fs 3 t, · 32o · 

• : . ~ ~ •. ' .. .j ; 

. , l 



3.2 Factorization '•tests,. 

Factorization property (viii) of §·1 gives famous relations 

between cross-sections in the Pomeranchuk (one pole) limit, ·e.g. , 

crT(?t?t) crT(Nl't) = [cr ~~ ]2 T , . { 10) 

,, 

and a sirnilar relation ,for, ciT/dt. But. pion targe~s are har<Lto make; this 
. . .• ; ,: •.' . ·' . :_. . . . . ··' ' 

is more use as a predicti.o~ of 7t 7tscatt·eJ:'.ing than as a fact:orization test. 
• : , •I : · , . 'h . t • ' I • ' , , ' 1 >.(, ' 

However, factorization includes spin-dependence(33). Any I=O Regge 
- : t ; • : 1,1 , ' ~ ' ~ : • : \ ' : 

0 
' ' ' • • ' 

0 

' : ' 
0 i I • ' .0. 

pole exchange, that is conunon to 1t1t, 7tN, KN and NN t?Catteri~,. contributes 

,'f ·· ~..:. I l , ' \2 ' •. 
T = F n 

' 7t7t 'It 
. ~ ! f ;'• . . r • • •• -~ r • : ' 1 1 ·~ · · . r ' 

t • ' 
" -· T · ; · =' 'F 'Tl (~ + i¢ cr n) 'lt.N 'It N N .._,•...,; 

TKN = F T)K(T}N+ i¢N £•.0 ) 

(1 ) 
,;TNN = F(T}.N +· ~ ¢N ~,._e ) (TlN + i ¢N ~.,n) 

·,' 'i. ' -: ~ \, . : 

; . ~ l i .- :: 

' ·, 

I. 

.•·· t 

( 11) 

,, . 
. ; ' 

where F(s,t,a.) inclu.des ~11 the _common s-depefldence, slgpature and kinemat~c 
. : · . .' , • . . .. . , ·. . . , ~ , , , , . . , ; I .: . . · 

factors. '\t (t}, -nK(t), TlN(t) and ¢N(t) are the vertex couplings to 

~ ,K ~d N ( t~ ldnds) • Pauli matrices cr operate on rest-frame spinors 
"" 

and ,u is .the nonnal to the scattering plane. Going to_ KN an~ NN scattering, 

odd-signature terms charge sign. For I=1 Regge poles, there are Clebsch-Gordan 

coefficients for different charge channels. 
.. • ~ • •. ' ; • J - . ... • ; ' ~I ' 

-Thus factorization relates the sp.in-dependenc~ of ?tN,,J<N, KN, _ l\~. and 
. ;J '';. ' j ! ! . ,. ,,: I . 

N.'i i Cattering, and c~ b_e tested without refermce. to ?t?t ( OJi KK.). Fpr 

example, in the Pomeranchuk limit, all depolftrization tmsors are equal: 

14 



( 12) 

Ec: . ( 11) also .implies internal constr aint s in 1\N scat tering . One 

c onsequmce, in the Pomeranchuk limi t, i s C = K = O, these being nn nn . .. 

t he nor mal components of the spin-<:orrel otion and polarization transfer 
(3\ ,~+) . _,:;;:. ·' 

t c:-,su rs . 
! , L 

m-.cn several Regge poles take part, we lli.lst first isolate their 
• ·:' ' ~ . . ,! t. .. ... ~ . . . ' . 

c on<-dtut ions. Tnis can often be done by takintr suit~l~ _ ,._E>~s :frd . J. 

differenc es of cross sections, or by exploi t i ng the diffe,;.~~~1 1<Jf1:~fSY":"; 1
,:; ;: 

dependences. fWhen fitting Regge poles to data , this :~~h~~n~)~~;-< , 

comp<.J t.er ] • ·· : ' .,.. , ' I I' 

poles P, "f,' anq 
.: . 

a sum of , P~ _' ~ ; !? .. : .. 
ru.1d P' p interference t.e n11s. Of the s e, P p and P 1p change sign between .l'cl\ 
+ 1 i ; : .j . . :J... • : • 

-r. p ond ;.. p, wh~le PP' doe s noto Exr;e r imentally, ~ Q:J /dt is 
r ') . C' ... . I") 

~;:; pro xir.~~t-ei.y anti-symnetri c be tween 7t; + p and 7t; -p, so the P~_~ , t.:e~m As :iSmc:4.l • . 
I ' I : ~ ,I : 1 • ' ' , • • ' ., i 

;,c:;.:::; :-i z ;:;.tion are a l so small . Hence , ass uming P, P' and w J?_qle.J2 ct.o.;4,na te 

·c;.,_c l at-.:.e r cases, i t f ollows t hat ~ ctcr /dt must be appro:x1rn;;t,t,f:1Y _Mti-
~ . ' : i ~ . 

If 

Ti1u s polarization effects give t he best tes·.:, s.< 31 , 33 , 34? .• 
. · . . ' ::1. .. .. 

A.'1o t.her kind of tes t is poss;i.b+e if a col:lpling_ vanishes sorre~\her.e. ; .. ic<" 
: ' ·. . . ' \ i. ·. . . ~ 

?0r example, t he cro ~s:over of pp a.Tl~ ,P,P di ffer:~tia}. C:t;q$Ej ~~cti.on§- - .· 
'jc..,_ J} ': ;' • ; . . \ . ' • , • I . 

i1ear t = o. 1 (GeV/c) 2 ~eems to require th~ w-:-residues . to chang~ sign : he.~e {35
) .• 

', \~ ;{J, • !; ,-; ,I ~q I , j ~ ; ') ' • , I •' 1 J.l _; i,! ' , , I._ • ' ' 

~'<:c--o.rization t hen makes the w residues van i sh in othe~ .re_actions: ·e ·&'• · 
' ' . -~ . . . 

u. sil>ti.l ;.. :~ cross-over is pr~~ct~~ ~o~ K+p a~~f~~~- ' ~~ a~~ee.s v.ith ~ ~,ata. 
S ,;_;~L.ar:.-:,' , the w term in nN _. 

. ) ' . 
.,_ . 

'r· 

~' ,I . . ' . 
, ., . . ... ·. r If:,: . 
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t 

.t,3 • Tes!s for cuts. 

AJ,most any branch-cut contribution can be faked by one or more 

R~ge poles. So we nust look for terms wi. th energy-dependence and/or 

spin-dependence that no kno.vn poles can give. 

i) Unexpected energy-<! ependence of d 0" I dt. Consider 'It p ~ 7t * p, l'l\ ere 

.,. " is a 0+ state(3S). All the leading Regge poles P, P', w ,P, A2 are 
I', : • . 

parity~forbidden at the ?t'l\ vertex; the others give rapidly decreasing 
,., 

tenns as ·s ... oo• But the ( P + P)-cut includes all spin-parity assignments 

. ·I ~ + 
and is : allowed: it gives G:r1 dt -(lns) at t=O. Unfortunately, no 0 

'· resonm:tce production is found experimentally. 

Double-charge exchange offers another test(37). No doubly charged 

mesons are yet known. Any such Regge poles presumably lie low and give very 

. + ·-!Or++ - + -rapidly decreasing tenns; for processes like 'It n -+ 1t N , 1t p ... K t 

and 1C p ... K+ 8-. But the p+p, p+K* and .K* + K* cuts exist, and predlct 

·I -1.7 -2 -2 -2 -2.4 -2 c:t:r,dt- s (lns) , s (lns) and s (lns) , respectively, at t::O. 

A single Regge pole gives shrinking of dO"/dt. Dominant cuts give 

no shrinking, (except near t=o \\here the pole takes over). The stJVQg 

snrinking 1n 1\ -p.:. ?t
0n, ~reeing with the extrapolated p trajectory, shows 

cuts are weak here. 

ii) Unexpected energy-dependence of fol'ward scattering amplitude. 

The real and imaginary parts . of forward non-flip · elastic 

amplitudes are measured by Coulomb interference and by total cross sections , 

respectively. Th~ approach their asymptotic limits as a po.ver of s, for 

)-2 -1 " poles. Branch cut contributions go as (lns and (lns) for the real 

and imaginary parts. To distinguish the cuts is possible in priociple 

but difficult in practice • 

. iii) Unexpected energy-dependence of spin effects. 

We can exploit the specific spin-dependence of Regge pole terms( 36 ~ 

Consider N:N· states in the t-channei; they fonn three distinct classes. 

16 



•( ' 

. ' 
• t~, ''. 

There are singlet states, with Ji'~ = o--+, 1+-, 2-+, •••• ; triplet states w4-th·j
1 

L=J and Jrc = 1++, 2--, •••• ; triplet states with L=J:tl and J:OC ' = o++, 1~~ 
++ 2 · • • • • A Regge pole interpolates states "\i thin one class, and has the ' 

srune ki cd of spin-couplings. ?C and B belong to tl1e first class; A 1 belongs 

t o the s econd; P,P', w,p ;:md Az belong to the third. Branch c:U:ts ha.vever 

are not r~strici-<:u t o a si1.gle cl;:-.ss of state or spin-dependence. 

In ~~ scattering, the leading poles are all of the third class and 

pr edict D =1 asymptotically (D is also krio.m as the Wolfenstein D-parruneter);, nn. nn 

As sur.:lng the A
1 

and B trajectories lie below 0.5 for t < o, their 

cont::-i butions· to ( 1-D ) d<r/dt fall faster than s-
1 

as s ~ cc. The many­
nn 

-P c-u t. contributions can fall ruch more slO\vly. 

I n ,.N ~ · p N and ~'\ ~ i'' (888) N, ti1e vector meson decay correlations 

:neasct e s ome matrix elerr.cnts of its spih densi cy matrix p ij. The leading 
.. 

Rcggc. poles are} of the third class and give p
00

= p
01 

= o. The ·pion 

co~t ~itutes strongly to these elements, but lies l~¥er on the Ch~¥-Frautschi 

plot; t;•us, for pol'es alone, we expect p
00 

and p
01 

to tend to zero like 

some inverse: p0Wer df s~· For dominant branch cuts, they could tend to 

non-zero con5:t!lTits instead. Present data up to 10 GeV/c seem consistent 

. -~ ""' q ·· . ' 1 (27,38) 
w.;. ::- . ·~ ,\.e0ge·· p0.1.es a one. 

.'I. 

The most · fainous test case is 7t p ' ~ 7t 
0 n polarization. 

.. .. . \ 
If this effect 

, _· . ) 

is pole-cut interference, it is first-order in the cut and therefore more 
. . r . :. . . . . , : . • 

sensit-ive than either of the two preceding tests. ·· Here poles and cuts 

' ' . .· . . ' . ~ ,' .... •) . . ; ... ' .. 
h<1ve similar spin-dependence, · since'"only the third Class of ~ states is 

allu;;.:)d, so we can exploit only the' energy.:..dependehcM. ·As discuss:e(( .tn 
. ··: : ~ ,'. 

§2. ·. _ pilcsen·t data ate not enough to distinguish between pole and cut ' 

effe c t- s. 

·' ··iv) 0 t:i c:~ · phenomena • 

r<. ;r :::r tJ· i:s· :s\lggest'ed that wide-angle scattering \ont~ns ~vie;~rfce ~p 

cu. ... .:> , (
3S) u.'id arguments are given for characterisd~ oscili~tions~-(40} · · . 

I. I . .· )'i . ·, .... .. 
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- . . (n) 
The pn and pp charge exchange data sean to require either a ·cut or a 

conspiracy<26); the latter has physical consequences am may eventually be 

elimina. ted. 

3.4 Tests for crossing. 

. + + + - + Consider the reactions 7t p ""' K :& and K p .... 7t ~ , related 

by crossing; they have the advantage that l:+ polarization is meaSJred 

by the weak . d~ay. ~ K" ( 888) and K* ( 1410) Regge pole exchanges are 

knowri; they ;are odd and even uroer crossing, respectively. .t+ 

polarization comes from interference between the two poles. Hence 

j) d<T/dt must have the same · size but Opposite signs in the t\\0 reactions • 
.. 

3.5 The region t > o. 

There is evidence that trajectories may continue to rise, roughly 

linearly with t . (or u), for a long way in the region t > o (u > o)(4 •41 ). 
I 

What does this . imply? 

For a sequmce of particles on such a trajectory, mass increases as 

~ ' 

.J •• The .inipact ·parameter in any two-particle channel also increases as 

~. Eventually the impact parameter exceeds the range of forces, · and the 

two-particle partial widths become exponentially small. Hence very high 

spin members will not appear in elastic scattering; but only in many-body 

channe is. Note that N" { 3690) , pos sibl.y a spin :.... 23/2 recurrence of 
. (4-2.) 

rf ( 1518), was found in a stuqy of S-prong events. · 

For fermion trajectories, tl1e appr'>priate variable Js reall,y 

W::»[u, rather than u. Thus a.(u) has two branches, corresponding to the 
tt 

two scpare roots of u; these appear -as a pair of Re,gge trajectories, 

coinciding at u=<> and complex ~onjugate for u < o. In fact, the t~ 

branches correspond, to the t\\0 possible parities for given j, following the 

MacDowell syumetry. · If a.(u) were exactly linear~ the two brancres would 

coincide, giving pairs of particles with the sane mass ahd opposite 

parities. When the fermion trajectories starting with N, N*(1518) and 

18 



. (41) 
b(1236) are discussed, only one branch is usu~lly considered ; bu~ the 

approximate linearity in u 'suggests there may be many opposite_-parity 
I i•· .· , • . 

particles waiting to be discovered. Chiu am Stack(~G) .par~trized the 
•. · · ' . '· . r 

N 
. ( p 1 + 5 + ) ·. . ,.., ... 

traJ ector.r J = 12 , 
2 

, • • • ani found that the other branch gave "2 

5- . ._ .\ . . . ' 
and 2 particles M.th masses o.ss and 1.60 GeV; the rorner:',.~s removed 

by a zero in the residue, but the latter was identifi~d .. as ~ ~ , 7tN D ~ 
resonance. 

··.·• 

.' ' 

' • ·• 
j._ J , • t ' . 

• I · . , . . , · ., , t .. .. 

1 • · ~: . .: : 
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