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HIGH-EHERGY IJUCLEON-l'fUCLEOU SCATTERIHG FR0:.1 REGGE POLEs.-:~ 

Victor Flores-!,1aldona.c,o+ 

Department of Physics and. La',·rrence Ratli<:ction Laboratory 
University of California 
Eerl-~eley, California 

cTune 8, 1966 

JIJ3ETFAC'l' 

A phenomenological study of r:-f< scatterin[<; is made Ftccor<i-

ing to the Re~ge pole theory. The p-p , p-p p-n , and p-n 

1 
elastic processes and p-n and p-n charge-exchange s'cattering 

i.lrc considered. The purpose of this '..iOrk is tvofold. First-, to see 

if there is agreement between a simple Regse pole model and the exist-

ing experimental data, such as measurements of cr~,do/dt , polariza-
" 

tions, ratio of the real to the inaginary parts of the a;11pli tude, and. 

other inferences from ii-J scattering. Second, if agreer:,ent is 

found, to investigc-.te the behavior of the trajectories <md residue 

functions. It is found. that a Re;ce pole model which • ' 1 lnc.tuc,es the 

contributions of the trajectories F ' P' 
' w ' 0 ' 

and R can 

') 

account for the data. 'l'he at;ree;nent is better above 15 (GcV)"-. Bclmi 

this energy, discrepancies between this model and experimental dutn 

oeg1n to be noticed. hanoens -- , in particular~ in processes in 

~1ich p and R are _the principal contributors. We find thet the 

zero-r.1omentw~-tra.nsfer da.ta are ln good. agreernent '\ .... i th a11 u>. inter-

cept of 0. 5 ' -::> 
J. 

Df 
'· 

small p 

and w residues :a.lrnost eq_ual i.a ·value, 

and R residueS. 7he stuciy 



data at invariant moment transfers less than zero indicates that the 

trajectories are straight lines or have a small cui·vature. They 

seem to folloH the treml of the Che1•-Frautschi diagrarn. Poor agree-

::11ent is obtained vith trajectories that tend as;yrn.ptotically to the 

axis, a == 0. The residues of the trajectories of even siGnature, P , 

P' 
' 

and behave similarly. They remain ereater than or equal 

to zero, this latter value at t:ne :POint at 'l·ihich the corresiJoncling 

trajectory crosses the aAis 0: = 0 • In 

the trajectories of odd signature, w and p , pass to the negative 

side of t11e l)lo..ne at mornentur:1 t:L,.ansfers of about -0.1 (Ge\T)
2 . They 

remain less than or equal to zero; this latter ve.lue at the point at 

which the correspondir..g tr8.jector;y crosses the a:d.s a = -1... The 

ph~sical constraint~ of unitarity, spin structure, factorization, 

<::.nd assw:1ption of real analyticity of the residues are i:'lpcsed. 

,., 
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A tva-particle interaction is conveniently d.escribeci by 

transition P..r1:;_;li tudes betveen initial anci final states of definite 

~2he concept of an.al:.rticit~r the connec-

H.I1other c11<-lnnel, sirnr)ly b~r ~::..11c~lyt~c co~1tinuc .. tior.;.. This idcc1. is useful 

for constructing invariant s.~:!pli tuG.es at relativistic energies, 

1.rhere t!1e potential ap~;ro~~i1r~ation ca.:nnot lJe useci. Tl1e CDT.pli tudes 

may be i-7rittcn in ter;ns of tl:e ::;q_1..<.are of t:'le center-of-:rr,ass ( c .m.) 

energy of connectefi channels. 

For the direct ( :;; ) cilt:tnnel J.n l·f-.N -> H-i"J sca.tterinc, tl1c 

B.:!nplitude 17'l2 ... y be ~xpressed in te~r.n of the e:1erc;~r invarinnt, s = 

l I 2 
f \.J.J,,, + 

__ 2) 
.h.i and the mo:aent-w-:•-transfer invaric:..n.t, t = -2p 

2
(1 -

s ., 

-r.vhere i.) is the c.ll1. r::o·~ner.d:.l.J..r1 of cr:e of the nucleons, n is the 
~ s 

nucleo11 "Plass, and 

The other 

SllTiJ..lar 

s 

.:.. 
(.. 

s 
is t'!1e cosine of the c .nL, scatterin,; D.ngle. 

2 l ' (.~ + z ) 
~ 

;.;ritten in u = -2-:) 
~~ 

"' 
can be 

') 

by '.tse of t~H: relation n + t + 1.1 ~- 4r:'ll'_ Fo:. 

scattering and the 

u = 0 2 ( l -c.p._ _,.. 
v ' 

a.nd. 

with similar definition of and 

~.rhe sc.:~ttcrint; in the direct cl·le.r!nel 1:-u::.: ... be obtained fror.1 

prolJerties cf the cros-scc."i ;:u:nihilation che.nncl. ~Co this end the 

z ) 
s 

1 . t - r· .....,.. - +- 1 • 2 amp :1. uo.es are ·,;ri tten also as a function of complex e.ngular .. ,ol,,envW-:1. 

The domain of interest is that of hich energies ( s) and small 

momcntun1 trar~sfer ( t) \,~here the I~e{;ge pole approxir::n.tion is 

, 



.. 

applicable. 3 In this nodel the scattering is controlled by the 

exchange of total angular r.1omenttun trajectories of well-<lefined 

quantu111 nu;'Tlbers (in this case those of the i:T-11 crossed channel) and 

.J pa2·ity, since the angular momentum is interpolated. 

The Regge pole theory has successfully correlated m.L"aerous 

experimental results. 'i'nis success provid.es encounJ.t;ement to study 

phenomenologically the 1~-H experiments from this point of vie~-r. 

'rhe data available consist JYlainl:r of total cross sections, differen-

tial cross sections, and polarizations. Tnere are also some measure-

:n.ents of the ratio of the real to the i1nac;ina.ry parts of; the &"TT:;>li tude 

in the forward direction. 

In conpile the formulas to treat the four cases 

of elastic sca"ctering, and. p-n and. p-n charge exchange. 'l'he corn-

.Plete spin structure is consiUered, e.g., for each . ... . 
lSOvOplC spin 

value, the five B.t-np1itudes are calculated· exactly. In this forn ;.:e 

av .. oid the uncerta.ir:.ties of sir:11:lified for::n.1lations be.secl on only· t1-;o 

fit G.ata to investigate the unkno": ... :n 

~uantities of the tneory, e.g., the trajectories and the resid~e func-

tions. 

In Section III, 1.;e consider the fon;ard direction, ;/here there 

ls ;nore theoreticc:: .. l and experir.1cntal i:J.forination. F~fter fittin; t!1e 

data ·w-e deal \·tith the s re2:ion of applicability of the r:1odel anci 

about the relev·an.ce of ?C!1sidcr.inG se~,re? .... eJ_ trajectory contri1Jt.lticns. 

Tl1is is of s:pecif:.l interest, since t11e One-pole ap!)roxir:1a.tion is v " 

often used. 
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He treat in Section IV the ret;ion of mor:1entwn transfers 

different from zero. Here trajectories and residue functions are 

specified in accordance vii th experiment and 1vi th physical constraints, 

such as factorization and real analyticity of the residues. 

The p-n and p-n charge exchange are considered in Section 

V. The parameters relevant to these processes are deternined. Their 

role in connection with elastic N-H scattering is discussed. 



II. FOK·rJL!~TIOT-~ 

A. Elastic ScatterinG 

He are interested in the theoretical interpretation of the 

total cross section, a~ , the differential cross section, da/dt , 
.\_, 

and ~che polarization, P • These QUanti ties are functions of the 

variables s and t , the four-vector invariants in the direct 

and crossed channels respectively. With respect to elastic scatter-

ing, the fotir 1~-ft cases in which we ere interested will be specified 

by two indices, the isotopic spin, I and the baryon nwuber of the 

systen, A • In this ::1otation ue·.nave, for exar;lp.Le, 

t~<.ics, 

nucleons. 7'\1 
J~J.- t!1is 

- (' ,, ) t..; .J. -- ,_ ... 

\., 

a.('O,n) 
't -

,_ ) 
c.._ \.PP 

·~ 

forz.:~ 

= 

a ... (l,2) 
\., 

G~..(0,2). 
v 

c~(o,o) 
\., 

. 0 .. ''" 4 <- '- -.l.! c.- r ·) (... = 0) · ( ... 
;:~ J -!-J1L''l'·"' + 93''" = 0] 

' 
( . \ .L; 

I) 

f>. 

,., 

.t~~:!;:. 
,\/'<.,·)·,...-:,. 



... 
. ~ 

do,.,. . ) dt\ J. ,:\. = 
2ii 

--~I<L 12 
·~ J.. 

s - 1~n1c.. 

4 
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= ---2 Im[(91 + 
s - 4n 

•.;here rn is the nucleon mo..ss. He use units "h = c = l . 

The araplitucles can, 1.::1 turn, be expressed in terms of the 

i:ndi vidual trajectory contri butior:.s in ./-' .co o..ne ,~.orm 

IP_,(I,A) 
.l. 

( 2a_ + l) ~;;_ ¢ . _ (I ,A) 
~ L lL . 

In'this equg,tion, L dcsicnates the po..rticle pole, N represents 

the number of tre.jectory contributions, ¢.r (I,A) is a function 
l.u 

i·r;,.ich tal·:es into account the spin and isospin fo..ctors, 

function of J. ... tl:1at stands for t11e L pole trajectory, 

is the signature factor given by 

1 + T r.-:.~.,-f .: ...... (\ ) 
.-:. ·"'· ;_..: \ -.!... n ·~ r 

.u 
= 

2 sin oa ... 
L 

is a 

and z:_ 
L 

..... ~here T is the ··;_·"'!· ;.JE1.:rity or sir;nattlre defined b~r t = (-l)d and 

.J is the total ansula.r mor:1entu·-;. 7:1c?:cforc, T m2.y have the values 

'?) \-

(3) 

U+ ) 

( 5) 

+ l • is one nes the case of an even-signature trajec-

tor;;t, \·:ho:;e particle ;!Ole oeco;;~es an e.c-tue.l pc~rticle \·Then J is e"ren, 

and ,.;hen T 1 s -1 one ~as an odd-signature trajectory which is 

associated with particles of odd angular mo~entu~ • 

... r~~:::::+-~ 
I'Y '·l~~~r"iJ 



K = 

-G-

The functions ¢. ~ ( s, t) that are defined in Fq_. ( L1) can no;.; 
l.JJ 

·be expressed as a functio!J. of the arnplitucies, fj
1
(s,t) , of the 

I 

crossed channel, that is, of the channel in \-i'hich the invariant mo1:1ent 

t becones the square of the c.n. energy. They are so expressed be-

.... cause ,_,ne arr1pli tud.es are related in a si:r:;.ple Hay to the pole 

trajectories that do:n.inate scattering process. In this foll.l Jchc 

individual trajectory contributior.s can be nore readily identified.. 

The connection bet•,·een a state 7.T' 1\i(T' 0) 
.l.-;.. - ' of the crossed channel and 

\·:here 

of t11e dire·ct channel c~ln be 1-rri tten in terms of 

and f. T ( s, t) 
J.u 

(~. T (I, 2) 
J..,J 

= 

in the forr1 

I.,., -1/2 (-1) b __ ,s 
lJ. 

- t) 
t 
j 

K. . f . ~ ( I I '0) 
lJ J lJ 

, 

is the spin-space element of the transformation, anQ 

(6) 

the isotopic spin space factor. 'i",.,e rr " ( T 0) - ... ~. -;... -' to I!-'i!(I,2) crossing 

matrices are 

0 

I \ ( ' ' <>+'1) .•. "-1ll. \ .;. u ..... . j 

0 

(s+u)(t+u) 

0 

G 

2 k-, .. 
T.:..~ U, 

-st 

st 

.l.. 
') 

( ' /,. 21'11 -"---) 
- !• ~ VLJ. 

') 

UI7J ~-u-2s ( t+u) 

U( ·"- u \ S-0- 1 

2 _l.lm u 

s+u 

3+lt 

' 2 ( ) L+-nt 0. tJ.- s 
o+u 

s+i.l 

s+u 

J.f~.;tu 

s+u 

s+u 

::;+u 

.l.. 
( '~() 2 ) stu,~ , r:·~'i ~-st 

(7) 
'I 
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and 

""' I'=O I'=l 

-1/2 
':) ,,... 
..J/C.: I=O 

''J I3 = (G) 
~ /" .L '- 1/2 I=l 

'.-There u , the four-vector invariant of the u channel, can be 

1-rritten as a function of s and ... 
v ' \·Ti tn the use of t11e. energy· 

. 0 

e'1uation, hr.1'- = s + t · + u • 

The prescription for obtaining ¢ iL (I ,0) must r~ov be Given 

to cover the renaining cases; beforehand, however, we digress 

brieflyto see vhich trajectory contributions should be considered. 

First, they. have to be able to communicate with the crossed channel; 

therefore, the~' r.1Ust have quantw':l nur:1'oers eq_ual to those of t.he i~-n 

annihilation channel. Second, they must be hiGh-lying trajectories, 

since the scatteri!1g process at high enerG".f is d.or:Iinatecl by them. 
p + Some of the trajectories associated ivith the nonets T = 2 and 

p -r· 1 fulfill these re<luirements. They listed in Table I. For ,_ = e.re 

these particular grou_;Js of trajectories the ordinary parity, P , 

and the pc:'.ri ty are equal, 6 and will si~ply denote a trajectory 

of this type t)y tile indices (L-, -r ~I) .L • It is not kno--..m at 
) 

pr.esent ,,rhether the trajectory oi~ maximal st-rength required. to ex,_ 

plain the total cross sections at the as~nptotic high-energy limit 

is, or is not, the singlet rn.er.foer of tl1c 2+ nonet. If it is not., 

'" in addition to the· Pomeranchuk --trajectory of 'l'able I, one should in-

elude a trajectory associated with f 1 (1525) . 



() 
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The ;r , 0 ; n , and A
1 

trajectories also coi'imunicate with the 

I:I-IJ channel. Nevertheless, they lie low·er than those listed in 

Table I, and for this reason their contributions are less i;nportant 

at high energies. This state;:,cnt will beco;ne more apparent in the 

following sections, where the possible relevance of some of ther.1 ;-rill 

be considered. 

Finally ;re return to '-rrite the expression that gives ¢iL(I,O) 

for the trajectories p , P' ' w ' p and of 'l'able I. ..Ln te:rr:1s 

of c/>iL(I,2) , i.;e can i-rrite su::ply 

This expressio~ is not general; it is meant fo~ the trajectories of 

Tc:4ble I onl:v. For the argtu!3.enJc.s necessar:.r to go frorn a state 

to a state (I,O) sce, for e:-:2 ... ;-:1ple, ?ef. 8. 

The functions f .. (t) that appear in Eq. (G) are partial 
lL 

tories. They are obtained in the following manner. First, the 

~~plitucles of the crossed channel, 

J_,!.:_ 

\ I \~_J r_,_ 'P ("") r " 
,...,_ 

.l - = L.t 'c·J + -I- 00\ VI - {_, 1 ..L I' ' ~~ "- J .... 

"'j';! 
.!..JJ,... 

L: , ) f'J ( .... ) "D ( '/ ) L' v (':>-l.,.., = ,_J + p .L -11 ° - .. T' ~ ' c.. ·- t J 

(9) 

I~ 

't.· 

(.1 

,... 

.;:~-~ 
·'!,' •. 

hn;;'-; 
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~ 
.~.., 

.) 

E 
2J + 1 {-·' (.) [P~(Z) ZP'~(z)) ,J (th"(")} t I: + = J(J 1) .L33 " - ".l22 I J J f., p"· + d 

" LT 

~ 

.L4 

tj'f 

{ . JJ..l-

[ 2J + 1 "'.J ' ' ZP~( Z )] fJ (•)P"I")} " [ 1' t (Z) '"+ = -· t.T(J 1) .. : ~""'\') ( l, ) - 3":) L. ... ... ,u ' D + C<- '"'J .) J 
"t ,T 

' 

vhere E t ana. P..._ 
" 

are tne c .m. enert;;.: and momentum respectively, and 

Z is ~he c6sine of the c.m. scattering angle in the t channel. 

They :::lay be expressed in the for:n, 

') 

and z = (2sfl;m"--t) - 1 ~ The tr-ansition a.i:lplitudes beb;een the 

:possible I~-H states of the c:::-ossetl channel are represented by 

~J. (,_) 
1

00 " ' 
The indices 

indicate the states betveen vrhich the transitions take place. This 

is shovrn 
4 - (') 

in more detail in Table II. ,r,~ 

The states lo > and 13 > are conserved; !o > is a singlet 

state and does not cor:tmtLnicate ,~ .. i th tl1e triplet states c.nd (3 > does 

not cm1municate 'W'ith ll > and , ~ oecause o., conservation. 

On the other hancl, t!1ere is co;r,munication bet,,ieen the states I " I..L > e.nd 

! 2 >. This has the follOi·iing implication: in the Recge pole model it 

is c.ssurncd. that the ::3Catterinr_; is sovernecl by sim~)le }Joles, and if 

this is the case, it can be shmm t!1at because of uni tari ty tile 

relation 

_,.,.J ( ,_ ) .f'.J I .L. ) 

.L" 1 v .!. ')21." J. ,_ 
(ll) 

(10) 
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' " 1 • 1" . 10 
snou~~ oe va 1d. ?he.refore, the trunsi tion probability beti.;een the 

ste.tes 11 > and is determined. bY this eaue.tion. . . . 

The quantun nmnbers of ·trajectories relevant to H-~·I scatter-

inc; are civen in Table III. The coD:.parison of To.bles II and III sho,v-s 

that trajectories of tne type PT = +1 , p ' ~' s = 1 --e.g., 
' 

w ' <l> p , o.nG. H are c>.ssociatec'i vith the transition E .. mplitudes 

fll.' and r
12 

; trajectories of the type PT = -1 " = 0 -·-

e.[; • ·, iT , n. ' and -- are associated 

trajectories of the type PT = -1 ~ s = 1 

onl:t· •.t..• 
~·il vn 

e.g., 

a!ld 

A -- are asso-
1 

ciated only with ~c will be ~a1nly concerned with traJectories 

of the first type, and for tnem, ·r"'
0
' '"'C t) 
Jv 

.ro'T ( .~-.) -
-- .!. 33 u - 0 

The trc.nsi tion arnpli tuU.es given by· l~q. ( 10) arc defir1cd for 

integer J values. Therefore, they will have to be analytically 

continue<l into the cornp-Lex ~.; }?lane to 1:1aJ~e J~~ncrn sui table .for .~;;.. Eesge 

pole model. i-1":.-:en this is d.o~1e 

') 

J.;rnc--t ' 

.... 1~,3,11-one oo-ca1ns 

( 1;~) 

... ') 

C za )] 
l.r f ")r "'-") c- cl ( .,a-11} t:c 3') ~ 7\~~ + - ~s22 (t)u -" __ 2 :: rt ~ '-~ I 

i.f:-:1 rC: 
J. l . .J L'UJ "'-' --- C:.f...l ' 

... .2 
( 7 a )1 ( -•-1)} l.r { _ I"'[ d,._a, d. (t 

~~ '"·)a 
') T,;s,.,2 \ l.r j -~·?\ L.. J + .... J - £.<>3'"'~ l.r \/..J I ') dZ l1r~, 
.:.. J. c:.- <..tt.J -~'-- .J 

-<r C./.J ' 

~ 

~ 

... 

,. 

i:~:~~ ~>£;~ 
.·y·,;~"U 
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vhere, in addition, the as~rr.rptotic behavior nee..r t = 0 has been 

fa.ctored out and the Legendre polynomials have been re:9lo.ced by 

their leading term. Sone of the factors that appear in Eq_. (10) 

have been absorbed into the functions r;00 (t) 

~ ("'") ·a.ncl 0 12 .., ' 1.rhich are the residue functions. The total 

angular mo~rrentu<>l has e;one into a(t) , a complex function of 

'l'he fe.ctorization theorem, that is, Eq_. (11), here has the 

eClui valent forr2 

= (13) 

It is assur.1eU tl1at H.ll. the iri1'ori..;:.atiOn ret;ardin(:; the re~'!.l una ~r:1ag1.!::.ar~r 

pa.rt of the c.r.1plitude i'S containeu in the sig!latu:!:c. factor l; , vhich 

in J:qs, (l+) 'and (12) has been. factored Ollt. r_rhis ~SSU11:-:Jtion has it.f:l 

rl .,., 
c.. ... .L. potentir:..l scatter inc, in i~hich, certair1 

ccndi .Lcions, it can be sl1o-:..m that tl1e residue function.s r_re real o.;.1:.:J...!..J· .. _ 

tic.: 
i 'j 

functions ....... c If 

(4) is a stalar function of nnd 

is ,ral:f..d, l;iL as defined. 

4-
·~ . 

?or the. tr:.1.jcctorics for -:..~11ich ·He ",·:ill be mostl~.r concerned. 

here t1;nt J..~, 1)! 

w ' p Eq_. (i2) l)CCOr.lC'S 

0 ' 



2 
X = 

f5_ 
JJ 

U'p to no·"r, 

dcr/dt 
' 

and T' 

::: 

\.;e 

-12-

"· v 

' 2 ..L t-+T:1 -v 

a -2 
( ) ( 1 ),... L. 4,c22 L,t a, aT - _ u 

.LJ .w .u 

a -1 
(- ... ) 2 LJ'7 JJ· 

--~-- 4- G"~, L, v a_ ' c:. L c:.c. L· 
'>rJ. -t 

c't_-l 
-4-g . .,(L,t)a_Z L 

L ~c~ ~ 

UCI\I_J-.l69lU 

have r~iven the ..... 
preSClT~lvlOn for oh~ainin.r.~ (j 

T 

})l'OVideri the.t t.!1e trc .. j ectories <:o.nd resiriuc f;,mc-

(14) 

' 

tions are 1\.nO\·rn., bu.t the c:::= ... se is tnat nothing is l:no .... tn aOout the residLte 

fu:r'Jctions for t < 0 and very 1i ttle about "vhP. traj cctories. Bi.<t, 

there exist experi:nental data I~or p-p , p-p p-n , and p-n total 

cross sections, for p-p ancl }?-p differential cross sections, anJ 

for p-p po1a.rizations, and. -:..;e -:..;ill usc these data to inq_u:i.re pheno:r:-

Ti1i s .._rill be clone {)~{ as su;ninb convenient paraTJet~:ric :arms for t~ese 

t11 

[
r. ( ~ "· ~] '....} ... _ . .,_,~...,, -

v J._ .J_ 

2 

+ + 
[ G~ ( :\: 't n) fh- [at ( ~~1 (v n) rxp 

,ex:p 
i=rror [at(sn,t)J 

2 

j~:--~~3 
.... ; ~~tl:.jl 
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+ ••• + 
[ ~ ,th fdo ]exp 
~a-~ s~1 ,t~)J - l:.;:;;_ru>"·'s,.,.,,. ,t.:,.,) 

\.... JJ l•l t,.. J:l .t.~ 

2 

do )exp 
Error [ ft"{ s

1
, t

1
) 

· · · PX""1 

[*-< . t )] - l-

CXT) 

Error [r(s
1
,t

1
)) · 

2 

+ ••• + 

Error cit sm' m 

Hhere the superscript th st<mds for the calculated value anci the 

superscript exy for the corresponciing experine~tal value. The mini-

r':'lization Hith respect to trial resiuue functions was carried out by 
I 

... h . 1 1 ... . . . . t . ... . · 13 d . t• t t t . 1 ~ ~ var1ao e ~e~r1c m1n1m1za 1on me~~oa an Wl n respec· o r1a 

... j t . b " . t' . c . 14 
vra · ec or xes y c.ne me nou onser. · 

The a ( L, t) parametric forns adopted Here strr>.ic;ht lines and 

trajectories 'l·Tith curvature. At least near t = 0 the trajectories 

are expf:!Cted to behave like straight lines ;.,ri th high slopes. In this 

vay, they may pas·s throu.gh kno· .... -n particle poles and intercepts. The 

form rnost extensively investigateu ·.-ras 

a(L,t) · = a(L,O) + a(L,l)t + a.(L,2)t2 
' 

v:11ere the parru.ncters to be determined. are t!1e coefficients, e;~cept 

't·Thc!re alree1;.dy 1~n0\·7n fran n-i·I scc..tterint:; or frorn another source. 

In order to preclude the existence of particles of negative 

mass, the residue must vanish for the rnonentwn ·transfer for i-rhich the 

corresponding trajectory passes through a. meaningful cT value. This 

cdndi tion was i.:nposed. 

(16) 

'") ,_ 



The paraneterizations of the residue functions most extensively 

used were of the type 

0 ~ 

(

4rli.""-t 0_]·r 3(2,L)t0T B(11,L)(t-t0_)J ... ._; t 

-~- 1J ~(1 -) . ·J .LJ --... -- ln ,L e e 
1 2 :J,.. -v 
,;;n -.., O.L· 

,.., 

. g
22

(L,t) == [c(1,L)eG( 2 ,L)t]c.: F(a(~,t)] (17) 

1.;here 
0 

F[a(L,t)] == [a(L,t)]"" for ..;... • .J... '• -.ra.;ec vOr~es of e'\rcn sienature a.nd 

F[a(L,t)] == [a(L,t) + 1] 2 (0.12 + t) for trajectories o~ odd sisnature. 

The aujustable para::J.eters·of e;11 (L,t) are. B(l,L) , B(2,L) , 

and B( 1.; ,L) , and those of are G(l,L) , and G ( 2 , L) • 

Tl1e mor:1entw:1 transfer e.t which the g~- (L,t) residue function is co:-n­
.J...l. 

·pe11ed to vaniDh is which, fer trajectories of even signature, 

is the value at which the trajectory crosses the axis a(L,t) = 0 

ancl for trajectories of odd Sicne .. t.u.rc, is the t ''aluc 'at \·Thich th0 

trajectory crosses the axis a(L,t) = -l • The function is 

made to vanlsn at these points by ~eans of the fact6rs .~nd 

for trajectories of even and odd signature respectively. 

The factor (0.12 + t) is introduced to satisfy the condition of real 

ano.l~rtici ty of the residues of o<lcl sisnaturc, since for t!1ese trc;.jec-

0 

tories the func-t~icm cl1 (L,t) becomes n-::-r::::.U.Yc at t"" -O.l2 (GeV)'· 

r.r:hi s ·~·:ill "be :::et:ll ~Ln Sect io:l I\T. ;"~he.: G~ >'") ( JJ, t) fllnct ions ·.ran:i.. sn . nt 
.!.C. 

the condi 7,ion, (13). 

.- .' 

'"-' ; 

p:-:.i~: 

··Y ~~~::i~~::. 
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n. Charge-Exchange Scatterina 

In charse exchange it is possible to have the contribution 

of, trajectories of isos;;in l or crer~ter, and of the trajectories 

that can be e:.:Cl1a.nged in tl1e H-~·i case, p , R and TI satisfy· . 

this recrc.ire:7lent. It is kllO"\m that iT gives zero contribution in 

h 
the forward direction,. and since it lies lower than p and n ' it 

will be neclected. 

?he p-n ancl p-n charge-exchange scattering a:'iplitudes, 

:¥. (pn ch ex) 
l . ' 

and. 4>. tD'n ch ex) , "l ..... are determined as follows. 

2.mpli tuci.e ' ( ' <;>, pn en 
l 

ex) .., ' ~ ~ ., • L • 

J..s re~a~~a oy cencra~ J..so~opJ..c 

sc,,;:ttering in the for~:1 

<). ( :m ch ex) 
l -

= 

.J:o .. .L • .LOr e~as~J..c p-p 

·) ( 0 0 ) ,:) ( , " \ "· ,.:.. - '· .)..,,:..; l . 1 

and 

The 

p-n 

This equation is nOi·i <iritten in terns of the individual trajectory 

contributions •<i th the help of :;::'1s. ( l1) thrOU£}1 ( 3}, and in this for;:-, 

9.(pnchex) 
l 

1' (" .,. ca 
p 

+ 1)~ ~. (1,2) + 4(2a + 1)~~¢."(1,2) r 1p n 1~ 1.n 

rlow, taking into nccount G parity conservation, ~q. (9)~ 

ana Eq_. (19), one obtains the renaining aup1itude, e.g., 

¢ ('::"·1 ch ex) i l·'· = 

(18) 

( 1 0) 
.-~ 

(20) 

.~7~ ,H¥ i~~!,j 
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The total cross sections, diffcrenti~l cross sections, and polariza-

tions for these processes ca.n noH be obtained by introducinG these 

anplituQes in Eqs. (l), (2), anQ (3). 

'··· 

F-=':';.o 
,.i(-~l);,T;'j 
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III. TOTAL C:ROSS SECTIOi.JS AND RI\TIO OF THE REAL TO 

TEE Ii·!.f.I.GIHARY PARTS OF THE lV·lPLITUDB 

He soon realize the convenience of considering first in some 

detail the situation at zero momenttu"ll transfer. Here, the results 

are expected to be nore important and meaningful; there is nore experi-

mental and theoretical informatiop in the fonmrd direction than for 

any· other t value, and any conclusion O.epends,for each traJectory, only 

on the values of a(L,l) and g1 .(L,O) 
~J. 

The nest accurate and abundant t = 0 data are the total cross 
! 

sections. Hence, He have relied .on this information to fix the para-

;aeters a(L,l) and g
11

(L,O) • Then, i·.'e have used. these values to 

evalu2.te fcrvard direction q_uantities for vhich some data or deductions 

da (" from experiment exist, such as "Jt G = 0) and the ratio of the real 

to the imaginary parts of the a."llpli tude. 

i·1ore emphasis has been put on the energy runge a1;ove 6 GeV/c 

where the Regge pole model can be applied with more confide~ce. For 

this reason, we have used the tot~l cross section data in the energy 

range 6 to '5 22 GeV/c.~ 

The trajectories ? , P' w , p , R , and ¢ are inves-

tigated • .j. ln cne forward direction. It is found p ' P' and w 

are sufficient to account fm: ct(pp) and and al thottgh the 

contributions of p ana R are s~all, they are included to account 

for the o.,. (pn) - oJ. b:P) and at("pp) .., .., a.._bn) differences. The <11 
.., 

traj ector~' has the smr.e CJ..UatJ.tu;r, numbers as w , 1mt it is expected 

to be of less importance because of its relative position in a Che>·i-
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Fra.utschi cliagrrun, 'ivhere ;;;e haYe 
2 = Rea ( <i> ,:n. ) , 

. <;> 
and 

Because of this, we expect to have a(w,O) > a(o,o) , and if in a.ddi-

tion one assu::tes that 

' 

one finds that the best fit to the data is obtained for o:(¢,0) « 0 

or s
11

(¢,0) ~ 0 • Therefore, the ¢ contribution is neglected. 

\·!'i th the use of Eq,. ( 1) and so::1.c of the relevant subseq_uent 

equations, the total cross sections c.::..n 1)C ,,rrittcn in terms of the 

.. 
tr.e .. j cctor:t'"' contri blltions, 

\·rhe:·e Ir. .. '\(L) glvcs the L trajectory contrihution. '!:'he correspond-

ine; plc:.s or r.·,inus signs of these contri':Jutions are shmr:1 explicitly. 

'lilC o .,_ hn) - a~. ( pp) ..... .. v 
differences C.ep.en"d. on a ('De) t \.-.,#. 

(- \ c._ pnj 
" 

p 

and 1> accordinc to 

o.,_ (pn) o ... (np) = Ir,1[ 4A(p) - 4A(Tl)] 
" " ~- ' 

(22) 

Ci .. (pp) (j (~,") = In[ J~A( p) + l~A(R)] 
v 

t \1-'.t.. ... "'· 



' ... 
It is knOim fron1 expe:::-iment that these differences are small 

in the enersy range under consid.ere.tion, and fron this, one concludes 

that the p and R contrioutions are s::1all conpe.red ;-ri th those of 

p P' and w , vhich have to e.ccount fo~ the large values of 

a.._(pp) 
v 

The fon;arcl direction p and R pararn.eters are sub,j ect to 

various constraints, e.g., (a) they have to satisfy simultaneously 

Eq_s. ( 19), ( 20), and ( 22); (b) the p trajectory alor:.e domi~1ates 

.L'h . . h" ..&.. -"'· -,, 
0 

...... ~.e n1g. enercy process n . p n , fro::1 •rhich the p tra.j ec-

.L h b 1 ... • • 
16 ( ) . '1 1 .... h ~ory as een ue ~errnneo.; c s J.nn ar y, ~ .e R traj~ctory dominates 

the process iT 
0 n + n , fron ;.;hich the R trr::.j ectory he.s been 

. ~ . ' 17 ue ... ermJ.nect. Therefore, provided that p and p 
·" are indeed the 

uain contributors to the processes just mentioned, the p ·and R 

parar::eters at t = 0 could be deter.:1ined from a simultaneous fit to 

p-n and- 'p-n charge-exchange scattcrinr:;, and to the at (pp) 

-cr.._(pn) and o.._(pn)'- a.._(yp) differences, ,.;{th trajectory inter-
" ~ ~ 

cepts in agreement vith (b) and (c) above •. Frorn ..L. ~ J:" • ..., • ... ne ~orego1ng 0.1s-

cussion one concludes that the p and parmnetcrs in the fonmrcl 

direction may be deter!:,ined uniquely. Hm;ever, the existing experi-

nental data are subject to larce errors, in particular tne ot(pn) 

and :;:)-n charce-exciw.nge data. Accurate <ietermin2.tion of these 

data •muld allo· .. r a test' o~ ti1e o ancl R model, for which the relatim1s 

!.,J ,_ ) o._(i)n) o '· ( pn) rt r -)P. \ G.;.. \lJP > ""- \.:, . J 
~ ~ v ~ 

\r (23) 

a ... (rn ch ex) > o.._(nn ch ex) 
~ ~ -

f• 

-~~~~~~ 
:, '·•l\ r..:· 
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at corresp·onding enersy arc ali.rays valic:.. 

15 18 
differen:ce is kno1m 7rrore accurately. ' 

':'he s2.r1e is true of the p-n ' ~ . .... . 19 '20 cnarge-exc.w.nge ua-.a. Therefore, 

to deter:nine the p and R residues '.·iC use the data of Pefs. 15 and 

20, and the intercepts found fron Refs. 16 and. 17. These d.eterr:1ina-

tions are then tested by calculating the remaining t = 0 ~~antities 

end compnrinc then \·rith existing -e:zperir:1ental dc..ta. ·The p ano. R 

contributions d.eter.nined in this fon-:~ are inclucled as ninor · acijustn:ents 

in p-p and p-p scatterinG. 

The p-p r.:.nd. p-p cross sections res.uire a.t least three n;ain 

contributors, the aS:rr:1ptotic lirni t 'D 
·' traj ector:.r to for 

.._, 
... ne 

of the total ~ross sections, w to account for the o.._ (pJ!) - a ... (pp) 
v v 

difference, <md F' to expluin the flcitn~ss ·of o,_ (pp), :)y co.ncello.tion 
v 

-;.;i til the w contribution. 

exist rn.ore accttrate and nl.l!""":lCrous Q.;.tn thD.n for -p-n charze ex-arid p-n 

c11ange. ../\.l.so, t1:o of the traj cctor~r i11terccpts are l:no\·:n. ':'he "' 

?' as founcl · 

'")~ 

in· n-1'1 calculntions.r:.t:.. ~!ext, ~\~itl1 thc·u.se o'f t!1is model, l·te cstit1ate 

~L'he sne.ll nur.1ber re:atively large 

errors clo not allo,·: a uniq_ue deter:~ination of residues o.nd the (l) 

• .. .L. 
~n ... ercepv. :reve~theless, we find that a ~ood fit is obtained. when the 

residues aY.'e si~~i1o.r in vc:..lue 3.r:d the intercept is near the expected 

~herefore, as a first step in 

the deter:n.ination of the (l) the t - 0 

-t..'. 
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residues of P , I'' , and w are equal, e.g., 

= ~ gll (P' ,o) gll (w,O) (2h) 

If various :trial values of the coupling, G , are asstr:lcC., 

::,n'1 +.h:-: ,..Ps+. w in+e•J·ce')""'v, ,(w,l)· , 1· ... fo1l•1a' o~e o1"'"· ~~11"" ~-~1e .,..e <;:.. '-4 ~ •_:: i.J_ -• ~ _ v : u. \ .c> ' f Ll. u v<:;;.~ 0 ~• • .-

sults shown in Fig. 1. Here ;.;e piot 
') 
L 

X per point ancl the best -'-. . 
~,ne· 

"' w interce1:1t vs g • The best fit is ootainetl Hhen p; ~ ( 2. 611) c 

and a(w,l) -:::. o.:::; Using this.value for the w intercept an~ relax-

ing the condition O .t:' 
J. ( 2L;), i.;e find that the best fit: is obtaine(i 

h (p 0) ('?) o)2 . (n'r 0) (3 0")2 d vr.en c
11 

... , ~,'-.h) , · e,
11

.L -,,· «=< • ) , ·an 
') ,., 

(2.70)'- i·iith D. x'- J!Cl" point equal to 0.13 f.o::: the 

p-p of data of 15. In both cases the existing data arc ;rell 

satisfied .. 

The results just obtained remain essentially unchanged.when 

the and contributions are included.. ~he pnr~neters correspond-

ing to these contributions are obtained fron a fit to the l'!- ( Geli) ,::: 

p-n . . , t 20 
c~arge-excnanse aa·a , 

the p-p ,. p-p ' an c.. 

tained are 

of cquc.l nr and. w 

-,-:hicll are found to be in acreencnt with 

r.-n J.r;.te. of Tief. ~~he vc..lues ob-
,.., 

g 1 ~ ( ]\ ' 0 ) ';::$ ( o. 7 8 ) ~ • _ ... 

In t~ia case the X 

,.., 
(~ 

per 

p-n , ned p-n data 

o~ Pcf, 15. J."!he ca.lcul2.teU. p-}.1 P,.f1d · 1:-p total cross :;cct,ions ~ ... ~i th 

different P , P' and w couplin~s ~re shown in Fis. 3. 
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7:'1e follmring conclusions nay be derived.. The p-p and 

p-p total cross sections above 10 (GeV)
2 

are reproduced very 1·;cll 

' 
ar.d w • by a Rce;ge nodel that incluc'ies "che tre.jectories P , pi 

The results shm.; that the present experi:::cntal high energy is out-

side the validity of the asy?:l:;>totic one-pole D.}Jproxir.v:ttion. 

In the lm.;-energy ranr;e, all the cr~lculated cross sections 

tend to increase ra,Picll~r bel0\·7 10 
') 

I,.... ••) '-
\ \.rC'.' This contradicts the 

behavior of ex:perinentccl cr ,_ ( pn) , ~·ihich, on the contrary, tends to 
v 

decrease 9 (GeV)2 .18,23 Also the experinentel c+(pp) begir:.s 
"' 

to' sho1.; structure belo;v 
,.., 10 

q (G •r)'~ u 
.., ":C\' . • Our results are not in acrec-

ment idth an earlier fit of the ;,_(pn) 
v 

was made without the and cr J- ( pn) 
\., 

d2.ta, which are !10\·7 avail-. 

able. 'l'he ine.pplica1)ili ty of the Rec;r,e model in the lovr-cnergy 

re.::;ion is not stranr;e, since here '.;he singularities of the direct 

channel J:1c.y be i:nportant, fmd. apparently this is the case in p-p 

ana p-n scatterinc. r:;:.'he · c ... (cp) 
v -

difference seems in 

G.is:igree1:1ent 1·ii t}l the p u.nU ~ rnodcl, but· the I)-n data a.re s~1J-

ject to very lar~e errors and ~ • .L • nence 10 lS difficult to arrive at a 

definite conclusion. 

The calculated cross sections in the hich-encrcy range provide 

in ?able IV, where 

Irn( ~'., + 
J. 

. \ 
4' / . 

3 ' 
and one ~I ) 1'.\lm 

are rc-

R = ~e(¢ + ~~)/ .... l .) 

\·iith 
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the :para.'1leters g ·'-"' (2.64) 2 
and n(w,l) ~ 0.5 founcl first, ve ha.ve 

calculated these ratios. The results, shoim in Fig •. 4, are in good 

acreement vith exrerinent, \.;hich inclicates that R(pp)exp~ -0.3 ± 0.1 • 

There are no expednental R(pp); and R(:pn) determinations. Here, 

our calculateu ratios i:'l.dicate that tne "[i-p and iJ-l.1 a'":'l.pli tudes in 

the forvard direction are almost :pure imaginar-J because of an almost 

conplete cancellation of the p' contribution to the real part b~r w • 

This is in contrast to the :p-p and p-n """"'":'l.plitudes in tne forvard 

direction, vhere there is an alraost co1:1plete cancellation of the P' 

contribution to the imae;inary part by (JJ • Our conclusibns are at 

. ..._, . t . 27 h' . 
va.r:~.ance 'Hl ~,n a reccn .vorK, w, :~.cn predicts a larr:;er · per.centagc of 

the real part· for R('Dn) .. ... ..... and R ( pn) • 

\·ii ti1 the sru:1e pare.meters, g .,. ( 2. 64) 2 and a ( w ,1) ?<:_ 0. 5 

ve have calculated p-n and P:-n differential cross sections in th.e 

fonmrd direction, shm·m in fiG• 5. ':'he p-p and p-:p cases sho'fn 

by dashed lines correspond to calculations exclusive of the Coulomb 

interaction. :Cxtr11polations of ez:perir:',ental differential cross 

sections seem in e.sree:;1ent 1ri th these result::>. 

·" 

[• 

c.==-~~~ 
it -~~:,= .~;:~i 



IV. DIFFERENTIAL CROSS SECTIOiiS AITD POLA.:!UZJ\TIOI1S 

Because of the asj-mptotic concli tions in the for1.;arcl direction, 

the contribution of the g~0 (t) residue functions is zero in this 
'-'--

direction. This can be seen in Eq_. ( 11.+), ;.;here the asyr1ptotic be-

havior is explicitly factored out in each of the ar;;plitutles. Conse-

q_uently, the sa.r:J.e is true of the residue function ~;12 ( t) , because 

of the factorization condition, Eq. (13). Nevertheless, at the region 

t < 0 , all the resiciue functions may be different from. zero and all 

must be taken into account. 

The fact t11at the resi<lue functions, g
22 

( t) · and· g
12 

( t) 

contribute for t < 0 complicates the calculations considerably, t)e-

cause then it is necessary to include ti:le complete spin structure of 
0" 

+".he l"t - .__o ~·• arnp ~ ·uaes. The physical constraints of U11itarity, factoriza-

tion, au<l the assum.ption of real analyticity bf the _residues continue 

to 11olU. as for Section III. Thereforr.:!, 'H}lile fittine t11e data, · .. ;e 

enjoy r:o l'JOre free<lm!l. in t!!is reGion unless one relaxes one o::· r::.o:::-e 

in various -: .. ic..::-... s .. 

In the case t = 0 , ~e relied on the nest ~~undBnt data, e.c., 

total cross sections, to obtain infornation on G~ ~ ( t == 0) • ~·le used.· 
.LL 

t11e optical tJ1eorern and the :fe-et that in the ?egc;c pole the·ory all 

::.s cont~tined in t11e sign.c.:ture factors, -;.::-11ich e .. re k.no\ .. m. For this 

reason, able to calcu.latc 'lo 
- .... 

'J..t.. 
(t = 0) R(t = 0) -
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For t < 0 , ve rely on tler/clt and· " to obtain information 

on the trajectories anci on g
11 

( t) and. g
22 

( t) 

by means of.the factorization condition, Eq. (13). In the region 

-1.0 < t < 0 ' ci.o/dt has a consto.nt slope '\·ihen plotted. vs on a 

ser:1ilogari thr:iic scale. The slopes of p_-p antl p-p arc very different, 

about 15 . /' 6 .... . 1 29 anu o. · respec vl ve y. · In addition, they intersect at 
') 

an invariant ;no~nent transfer of about -0.15 (GeV)'·. This infornr,tion 

is found to be of importance in the determination of the behavior of 

the residue functions. 

Fitting the data, one finds that the function 8ll (t) is r:~.osr.. 

important, since the fit depenu.s strongly on its form. On the other 

hand is found to be relc.vant to phenomena such as polarize.-

tion, '\vhich is high at 10'\.J' energies and beco:nes negligible as the 

energy increases. 

The physical condition that the g11(t) residue tnust vanish 

for the r.1omentuT.1 transfer for which the corresponding trajector-J passes -, 

through a physically meaningful J value has been imposed, at precisely 

that value of ... 
v ' by cancellation of the t'i·ro ter::1s of Eq. (17). That 

is, the vanishing of the g
11

(t) residue is not accomplished, as it 

is usually done, by means of either the factor a or a + 1 • In this 

forr.1 1ve avoid constraining the behavior of this residue v!-,en a trial 

trajectory is chosen asy::;ptotic to the axis a. == 0 . The vanishing of 

in these points is acco~plishcd by the factors 2 
Cl. or 

~cccrding to whether th~ trajectory is of even or odd signature. 

The determination of the parameters of Eqs. (16) and (17) is 

made as indicated in Section ~~. We use the p-p and p-p differential 
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cross-section data of Ref. 29, and the polarizc-..tion date.. of Ref. 

30. The calculations are restricted to energies in the interval 10 

to 50 (GeV) 2 and to rnonentur:1 transfers in the interval 0 to -1.0 

( ,., ,.)2 __,e, • 

Sinila.rly as for t = 0 ' p-p and n-n - .... 
J- .J.. • • scavverlng lS 

essentially controlled by t I'' , and w • The p r!.nd R contri-

butio11s are, in conparison, Sl:Iall. Therefore the p-p and 1'-P dc..-?.ta 

are studied with P , P' ' and w only. 

'ile have noticeci after numerous trial calculations that the 

best fits to the ciata are consistent with the a.smun:ption; of straight-

line trajectories, or trajectories ' . ..rith sr:1all curvature. In the same 

fon;l, ';ie find that ti1e physical constraints that 1.;e have imposed are 

very stronG, in a. sense 

those ·..ri t11 a reasonable 

that 

2 
X ' 

.!.r. 
J..l. we consider acceptable solutions only 

in narrm1 lirni ts. i-Ii tilin this criterion, ~.;e find that for straight-

line trajectories, the slopes are confined to the intervals 0.25(CeV)-
2 

, 1 ( t' •• ) -2 < 0. ! ( -o... I ) < 1 I ( ~"' • •) -2 J... \..lev .'~ 1...rev , c:.nd 

C.7(GeV)-2 
< a'(w) < o.g(GeV)-2 • In Fig. 6 we show a set of straight-

wi tl1 't·rhic11 tl1ey ? ... re possibly a.ssociateli arc t~lso :;ho .... rn. Ias}?ection 

of ti1is figure indic::>..tes a. clcc>.r tlssociation o.f the w traj ector:.r 

v:i th t11e ( 
., \ 

w 103; '.;:'here a very likely associu-

tio~1 of t::.e u' tre.,jccto:r~t ... .;:.th either the pu:. .. ticle role "' ('?SO) 4" ..L._,.. \ 
v 

Ol" f'(l)2)) ~he association of the ~ trajectory of FiG. G with 

/.' (1'"',..0) J.,.., c.) 
v 

see~s less plmasible, since the trajectory slopes arc ex-

pected to decrease eventu< .. ll~!" i11 ti1is rer;ion. T!.evertileles~.:;, this is 

,. 



,. 

,, 

.•. 

not a real impediment, since the trajectory could first inc1·ease, then 

after reaching the particle, decrea~e. 

!"or each set of trajectories, there is a set of res:l.clue f1..mc-

tions that cive the best fit. In.this fo:nn, for the trajectories of 

Fig. 6, i·Te find the residue functions speci:'ied by the :parr:.:1.eters of 

Table V, also depicteci graphically in Figs. 7 and 8. For L .. • L • 
vlll.S par vlC-

ular calculation, l·re obtain a 

Refs. 29 and 30. 

2· 
X per . ... polnv of 1.5 for the .... a.a ... a 

\·!e. imuld like to note at this point that the do /dt and P 

data available are not very accurate and that there are not enough 

. 

of. 

statistics. Therefore, one should not cortsider. the solution given by 

Figs. G, 7, and 8 as unique, but as one that typifies the behavior 

"" .... • J • • • • - .... • 31 ...., . . t1 .. 1 . . 
O£ .. raJeccorles ano .. reslo.ue ::.unc .. lons. neslo.es, 1e moa.e use<l .1n 

this interpretation is a simple one, vhich nec;lects all the lo·..;-lyin,s 

trajectories. The slight intrusion of the e;
11

(7' ,t) residues of -D' 

into the negRtive side of the plane, is interpreted as fictitious and 

due to the simplicity of the model. 

Ui th the para;:;.eters ci ven above, ;.;e have calculated the p-p . 

~n~ p-p. differential cross sections shown in Fig. Q, We notice that 

the calculated p-p differential cross sections shm.r al.':lost no shrink-

ace as conpared vith p-p .• These characteristics are in agreement 

< 

with the experiments. In this model, the negligible p-p shrin~age, 

notably for t .. .,.\ 2 
\Gev1 , seems connected to the following cir-

curnstances. The residue r: ("' t) 
"'11 ~ ' of ? 1 is very small in this 

region, and there are approprHtte cancellations and compensations be-

t· .. .-een the P and. r;; contribc;.tions to the real <mel iuaginary parts of 
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the a.'Tlplitu<le at different energies. The P' trajector.f crosses the 

axis, a = 0 , 
2 

near t = -0.6 (GeV) 

The slope of the calculated p-p differential cross sectio:1s 

shown in Fig. 9 seems smaller thP..n the experinental slope. r-' . 1'!1J..S can 

be attributed to the lir1itations of the model. In particular, the 

para.~.·1etrization of the e;
11 

( t) residues, by neans of a d.if::'erence 

of exponentials, is inadequate to' co·..rer. vell ti.1e interv2.l 0 < t < 

• 2 -1.0 ( Gev) • For the set of traj cctories of this ser:ple calculation 

a higher slope can be easily obtaine<l but with a slightly 
2 X ·per 

. .... pOlnv. In the particular fit sho·.m in Fig. 9, less importance is 

given to the :9-p <lata by fittinc only a fev of these points. 

The calculated p-p polariz<:.tions are sho1.rn in Fit;. 1.0. 7:'1e 

(
!" ••)2 slight depressions around t = -0.35 uev seem to be fictitious, 

due to the limitations of the model. The calculated p-p ::_:Jolariza-

') 

tions· at 10 (GeV)~ constitute a prediction of the model. They indi-

cc; .. te that " ' .:.ne p-p are about equal in n1e .. e;ni tude e.nd for;n 

to those or p-p hut of opposite sign, e.g., the scattered particles 

tend to become oriented in opposite directions. 

r;xpe~'"ir;'lcnt3.l info::.~r:1ution l'~o..s 'been collected on the rel:;.tion of 

~'11a:(l::1Un unc:-;ula:=~ 1)-p polarization, 

t • -0.25 (GeV) 2 ~ 

S!lOW the I' 
nax 

o:~ ..... vr:e tr2.j ecto·ries 

P -;.;flich tai\..es place aroun:5. 
::1ax ' 

. 30 32 
enere1.es. ' In Fig. J.l, '.,·c 
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V. THE :p-n AND 11-n CIW\GE-F.XCFAI~GE SCA':i.'TERIHG A? S:<J\.LL ANGLES 

The slope of the :p-n charge-exchange differential cross sec-

tion is unusually high in the interval of momentw":l transfers 0 to 
. 0 

0 Oc (r' •r)L - , :> , 0C\ , 

19,20 p-p • :Sy 

then becomes of about the SR<'le mas;nituC.c as that of 

use of the data of Ref. 19, it has 33 been sho1m · that 

these features ca.n 1Je rem·oduced bv a - .... p' and model of the follow-

ing characteristics: a p trajectory of high intercept and large 

slope; an n trajectory of lOi·l intercept and small slope; a fa.st-

decreasing p residue, g11 (p,t) ; and a ~low-decreasing R residue, 

( R ·"·) Gll. L'" • This s5.mple interpret2.;tion is in agreement ~~·i th the p and 

R trajectory <leterminations fror:-. "'t . 16,17 ~- • sca._ er1ng, · · vlle apparcn~ 

s ·independence of the p-n char.;e-exchanGc slope at smull e.n.:;les, 

and the comparati vel:r srr,all p-n 
"'4 charge-exchange slope.~ 

W~ use this procedure and the tr8jectories a(p,t) = 0.6 + 0.87 

ana a(R,t) = 0.35 + 0.35t to fit the 8.0-CeV/c data of Ref. 20. 

The results arc sho·.m in Fig. 12. ':'he date .. }!Oints are not included 

oecause they arc very nu..-:;erous, but the 
2 

X of obtained. is 

proof of a good fit. The method followed works ns well at 8.0 GcV/c 
'")'? 

as at 3. 0 Ge·v /c • ...)..) 'l'he pan·:.r:<eterizations o'btaineCi nere are sliGhtly 

different from those ootained a.t the lo11er enerr;y, but the general be-

havior of the residue functions still prcv~dls. The singularities of 

the direct chunnel nnu systc~atic errors of the experimental measure-

~ents ~ay be cited ns possible cmtses. The discrepuncy is noticed also 

at zero noraent 1.L-J transfer; ,.,-here the ii tra,j ector:.-, Hhic h •ms it;nored, 

lJ 
does not contribute. 
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~Je shoi.,.. also, in Fig. 12, calculated · p-n charge-exchan:3e 

differential cross sections at s = 20 (GeV) 2 • The slope near the 
') 

fonra.rd d.irection is small, as it is at· 7.5 (GeV)"" 

The residue functions obtained ;::re shown in Figs. 13 and 14. 

They are equiva.lently r;iven by Eq. ( 17) c:nd the :par;o .. meters o;:~ Table 

VI. Of these, n(l,p) and D(l,R) are used in Section III in the 

calculations of tote.l cross sections. 7hcy give a snn.ller cr.._ ( yp) 
... 

difference than _,_ . .. nose obtai11ed from u fit to the 3.0-GeV/c 

data, and for this reason, they are preferred. The residue functions 

obtained fron this fit have more meaning near the forward direction, 

wl1erc the c
22

(t) residues do no~ contrib11te. 
') 

For t s -0.1 (GeV)L 

the dEtt.a nay be setisficd in vi::.rious ways acconling to the values that 

gll ( P 't) ' gll ( R 't) ' Eere 1-re 

do not have polarization data in addition to da/dt to restrict this 

freet'i.ora. Therefore, the forn of the residues obtained for t $ -0.1 

( GeV) 
2 

may not he very 1:1eaningful. Hevertheless, there is inciication 

that t11e residlte .1!" ,J_ • ... unc ... ~ons anci <" I'::: _,_ ) 
L>22 \ "' v 

::~ay be larcc, as 

indicated. hy the ..Large ve.lue that the t;
00 

( 0 , t) residue obtai:-~s. 
'- '-

J:hese t;.;o rcsiclucs are associ<ltcd v.ri th the spin-flip tern in TI-r: 

scntterine;, the . - I .._) G,.,,.,,r, ... 
C..t-

in 

residues 

re~.;id.ue in 1T 

+ n • J1ere also 

the ;:esid.ue 

and the 

there is evidence that these 

g,, (o ,t) beCOinCS 
.l...L ' 

for s:nall !:1c~cntw":: trr1 ... ns~crs. I:-1 .. 4-;, scn.tt.cri;1c;, because of the 

assUJ~ption of real c.t.nt-:..l:r·tic i ty of the resiclues, ~ .. ;·1'1en chan.ges 

sign, so also cioes c22 (t). Since this happens at about t = -0.1 

( ~·e·v·) 2 , ~· the as~~ptotic condition and this ·statement inply that 

r..,; 

~~::. 
){ <;-) ~~"] r.;~ 
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e:;
22

(p,t) must 1;e sme~l in the t interval 0 to -0.1 (GeV)
2 

This 

·fact is in. ar.:;reement with .the residue functions found for p and 1-:ith 

the mechanism .used to describe p-n charge exchange at small angles. 

It is possible that the n trajectory z::o.~r !Jave an inportt~nt 

') 

contribution at rc.o:nentua transfers of the order t ~ -0.5 (GeV)'-- , 

and this r.m:;r "oe connected ;.rith the fact that, 1.;hen the data are fi ttet"i, 

c;,.,,.,(p,t) becomes very l<1rc;e at about these momentum transfers . 
... .::c 

residue, according to 
"c; 

scatterinG, is larc;e.~~ 

This is at variance ;.;ith the result fou:1ci here. There is the possibility 

that some cancellation ·<;ith the p contribution or other trajectory 

!nay' tal~e place. 
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"'"' -'-h ' . _,4-8,10,12 ... , . t t .... .... tl ;.ue meL. ou. useu L.a,~es 1n o accoun- un1 L.ar1 L.:', le 

complete spin structure, and the factorization and real analyticity 

of the residues. It is a method in 'dhich only sim:ple pole trajectories 

in the crossed channel are considered. It does not consider sincular-

ities of the direct channel nor possible branch cuts. 

The trajectories I' ' P' ' w ' p ' R are used to 

account· for existinc; experimental data, 1.rhich includes total cross 

sections, differential cross sections, pol~rit,ations, and ratio of 
I 

the real to the imaginary :parts of the amplitude. Good 2.gree::1.ent is 

o"!:ltnined for processes in'vhich p 
.._ - ' I'' and w are the main con~ 

tr±butors, and apparently poor agree:::-:ent at lou energies for processes 

in uhich p and R are the main contributors. Nevertheless, the 

l)-n elastic and p-n charge-exchange data are scanty 2.nd subject to 

l2.rge errors. :-iore accur~~-te r.1easurements of them vill decide whether 

the p and R model used to describe then here is auequate. There is 

consistency between the model and all the existing data if the lower 
') 

ener~ies, s ~ 10 (GeV)~ are excluded. 

~-Then fitting the data, one finds that the physical constraints 

n:entioncd aboYe are very restrictive, and for exa~ple, the assu.:np-

tion of real analyticity of the resi<.iues is ignored, the de.ta :nay be 

satisfied nore freely. It is the full use of the constraints 

per6its the specification of the behavior of residues ~nd trajectories 

gi \-·en here. 

:~~ 
!;~ ~l ~1r1!' 
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Table I. Trajectories assw.O::ecl most important in high-enere;y N-N scattering. 

Tr2.j ec;tory 
I! ame 

?omeranchuk 

Ici 

til 

p 

Pisnotti 

Desic;nation 
(L) 

p 

P' 

(J) 

p 

p 
n 

Possible 
Association 
Hith the 
Nonet 2+ 

f (1250)? 
0 

f' ( 1525) 

A,.,(1300) 
(. 

Possible 
Associ2.tion 
\iith the 
Honet 1-

w(783) 

r(!GO) 

Parity 
I' 

even 0 

even 0 

odd 0 

odd 1 

even 1 

Table II. ?artial transition a:npli tudes bet'.-ieen the l:-;i states of the 

crossed t chan~e1. 

c; l. ,, :.:-1 et ( "' = 0) l_ ,~. ... 
0

_ v Triplet I 
\S = 1) 

p, -- -1 PT ::: +1 PT = -1 

v = L J ::: L + 1 .r = L 

State 0 .L 2 3 

0 _.,.u ( _,_ ) 
J.oo " 

l 
..-·) ( .... ) 
.ll2 '-' 

2 f''T ( _,_ ) 
-')") L.+ 

r.c.. 

3 

.. 

$;==::~ 
,.T -~l;;j~.rr 



UCEL-lG~nf3 

-35-

Table III. Quantum nlL111)ers of kno·h~l trajectories that co:n.t1tinicate 
-. 

vi th the ii-N crossed. channel. 

'i'raj ector:.r PT s T: ~W';lC 
p I I 

P,P' + l + + 0 + 

w,<P + 1 0 

p + 1 l + 

T) + 1 "' + + 1 

TI 0 + 1 

·,.o n ,,;, 0 + 0 

Al 1 + 0 ~ .... 

Table IV. Esti::nn.te of the J:m~drmm contribution of other t:w.n the 

14 8 6 

,... ' 

s [ ir. ( Ge V) c.:] 100 I,oo 600 1000 

• 
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Table V. Best set of para:.":leters of the I', P' and w resiuue functions 

found for the trajectories of Fig. 6 and the p-p and p-p 

do/dt and P clata. of Refs. 29 and 30. 

T'aren.eters of the residue functions of P, P' and w 
Trajectory 

L --(')~) .,., ( h ~ ) r:(0"") 
I3(" ~)·" 

jj \ ,_, .Lr J~ ',JJ G(l,L) ,;: '-- t.l.J 
..L,L .. [ ( Gcv)-2] [(rrev)-2] [(Gev)-2] 

p 2.48 1.15 1.24 5 .11• 1.37 

p 3.05 1.03 2. ol~ 29.61 1.00 

w 2.70 0.49 1.11 11.21+ 5.91 

;(· 

'i'he t = 0 parameters are found in Section III. 

Table VI. The paraneters of the p and R residue function::; found for 

the data of Hef. 20 ,..,..ith the assU.'Tl}!tion of u(p,t) = 0.6 + 

0 °7~ ~na" CL(~ ~) 0 3r k 0 -5~ .u v "'-•· ,,,.., = • ) ' • .5 "• 

Para::-1eters of the residue functions of . ~ 

p o.nn 1\ 

Traj ector~" 
L n ( ~ r ) 13(2,L~ n(4,L) --r· -) G(2,L) 

~) J_ ,.:.J [(GeV)'-] [(Gcv)2] ,.,,J.,L 
[ (Ge"v") 2 ] 

p 0.54 20.82 21.H6 1.9h -5.37 

R 0.78 1. GG o.6h 0.16 El.19 
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Fig. l. Determination of the w intercept. Graph of et(ul,l) and 

x2
/point vs the coupling g ' for the data of Tief. 15. 

.. 
Fig. 2. Calculated N-N total cross sections as function of the 

invariant energy sq_uared s (with Jche assu::1ption of eq_ual P 

P' and w cOUJ.~linss, and p:(w,l) = 0.5). Data from F:ef. 15: 

• p-p 0 p-n o j_)-n 

Fig. 3. C~lcu1 a~eCl· ') ~ anc1" n n ~o+al cro~~ sect1"on~ rL~l·t·n 
"" - .... y .1. -lJ ' .::--~ - v --· - ··- " 

0~5]. Data from.T\ef~ 15: c p-p ; ~ p~p 

FiG. 4. Ratio of the real to the inar:;inary :parts of the amplitude in 

•the fortmrd direction as function of the invariant enerc;~r sqno.recl, 

s • Data frorn Refs. 25 and 26: tl'!i p-p i<:irillova et al. ; b p-p 

Foley et al.; 0 p-p Tayler et al.; o p-p , 4) p-n Bellettini 

et al. 

Fig. 5. H-I·: uifferential cross sections in the fonmrd direction as 

function of the invariant enerc;y s1uare<l s • 7:':-!e p-p and. ::c;-:p 

Fig. 6. Straight-line trajectories, a(P,t) = 1.0 + 0.3t , a(P' ,t) ~ 

0.7 + l.25t , and a(w,t) = 0.5 + 0.7t , used in the calculations 

shm·m in .:·lt;s. 9 and 10. The clashed lines are illustrative extrapo-

.. lutions. 

Fig. 7. The G
11

(t) residue functions of P , P' , ~~d w "" . .L0Ul1Q 

for the trajectories of Fig. 6. 



FiG. 8. The e22(t) residue functions of P P' , and tv found 

for the trajectories of Fig. 6 ( i·Tith the threshold behavior 

included) • 

Fig. 9. Calculated .P~P and differential cross sections as 

Data fro1:1 Ref. 29 • function of the invariant no;nent.ul-:1 transfer ... 
v • 

0 p-p at s = 22.36 
0 (" .. )'-uev 

D p-p at s = 29.83 
• 0 

(GeV)'-

0 p-p at ·s. = 39.03 
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(GeV)'-·.; 

m p-p at s = l.t2.35 
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( cevr-

¢ p-p at s = 1+3.01 ( G ··) 2 re 1l 

/:, p-p at s = 23.97 ('"" .. )2 ·veV 

A p-p at s = 31.67 (GcV) 2 

?ig. 10. Calculated p-p polarizations at s = 11.03 , 13.00 , m1u 

15.06 (GeV) 2 , as function of t!1e invariant momentum transfer J. 
v • 

Data 30: 

0 at s = ll.OC. 
') <,. .. r--.:oev 

':) 

0 ut s ..• 13.00 (GeV)~ 

0 at s = 15.06 (Gev·) 2 

7he clashed line represents calculated p-r polarizations, with 
') 

this nodcl, at s = 10 (GeV)~ • 

Fig. 11. Culctlln:!:.ed 11axir:rttn1 v.ngulur 11ola.riza.tions, as func-p 

'-r~,ax ' 

tio11 of t!1e in·vnrin11t enert;~r SQUared. 

and calculated p-n charce-exchancc differential cross 

0 
sections at s = 20 (GeV)~ 
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FiG. 13. The s

11 
( t) resi<lue functions of p and R , or)tained 

from a fit·to the data of Ref. 20. 

Fig •. ll>. The e
22 

( t) residue functions of p and R ( ;.,ri th the 

threshold behavior included) obtained from a fit to the data of 

Ref. 20 • 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com­
mission, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa­
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor­
mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com­
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 






