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ABSTRACT
}

It is shown tﬁat "N, KN, and EN elastic scattering and

chﬁrge-exehange data at high energy and small momentumvtransfer can
be well fitted by assuming that the amplitudes are dominated by a few
Regge poles in the crossed channel. The constraints imposed by the
factorization principle are included. Unitary symmetry (SUS) is
approximately satisfied., Sample predictioné of wp polarization‘and

+ 0
K" +n+K +p charge exchange are made.

{
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I. INTRODUCTION

This paper shows that the present‘pion—nucleoh and kaon-nucleon

data, at high energy and small momentum transfer, are consistent with the

‘dominance of a few Regge poles in the crossed channel. Explicit models

are constructed which give goéd fits to the data in the range of incident
momentum 6 tb 20 GeV/c and squared momentum transfer t] <1 (GeV/c)z.
Possible branch points.in the complex angular momentum plane are neglected.
Mandelstaml has shown that such branch points are probably not neéligible
at asymptotic energies; however, there seems to be a gooi‘chance that

over & considerable energy range -- perhaps up to 100 GeV or more == their

- effects are not important.2

_ ‘ 3.0 ,
There have already been several Regge pole modgls3f (some

including a cut5’6) for the pion-nucleon and kaon-nucleon systems. However,

the aut?ors have not included the helicity-flip terms, have largely ignored

the question of isospin dependence, and have not attempted accurate

numerical fits to all the data. Also, high-energy charge-exchange
xnee.*sn.xremen‘t;s'r-9 have not been made until recently, and are not considered

- in these earlier works.lo

A characteristic of Regge pole models is that the forward -
scattering ("diffraction”) peak shrinks with increasing energy when a

single pole dominates, Proton-proton diffraction shrinks at present

>

accelerator energies, but pion-nucleon and kaon-nucleon scattering

show little or no effect;ll and this has sometimes been taken as

~evidence ag&igst Regge poles, However, in the range considered here

there is no éﬁestion of & single pole dominatihg; at least three poles o

are needed to explain the pilon-nucleon data and five for the kaon=nucleon

.

o
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3 5112513 }ave shown that vhen several P°1¢5 are

"Tdata. Varions authors
significant the shrinking effect may be enhanced or even renersed.n In the

1, models which we construct below there is little shrinking for elastic

scattering, partly because of secondary poles and partly because the slopes é
of the trajectoriee'are-not'large; In- N charge exchange;'however,ia

single pole is operative: here. we expect shrinking to be seen, and indeed

the data show this effect, as already reported bv Logan.lo

| Another important characteristic of Regge poles is the "signature

: factor," vhich fixes the phase of each pole contribution in terms of its

energy dependence, The phase of the scattering amplitudé in a Regge pole :

is thus fairly‘well determined by_other aspects-of the fiﬁ to deta. 'When

this phase can be measured directly, it offers a stringent test of the model,

For the N eystem this phase is known for forward’elestic-and charge=-

~ exchange scattering: for the KN system it is somewhat less well known:
in all cases>our models make satisfactory predictions (see Section 6).
~ This is further evidence to support the.Regge pole hypothesis.lh

In Section 2 we describe the Regge poles that are used, the forms
of the scattering amplitudes, and our particular pareneterizations of
trajectories andiresidue functions. Within this framework there is not
a unique set of parameters that fits i:he.da.‘cs.. We have found several
| kindsbof solution, which are iilustrated.

|  Section 3 concerns the "crossover" effect: the differential ' ®

cross sections for ﬁtp scattering intersect in the small nomentum‘
transfer rcgion, and thereby pose a problem for Regge-pole fitting.

+ .
K™p scatteri&g shows. the same effect, One of the main differences between: T

our various models ig how they explain this phenomenon,
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The factorization principle relates the residue functions of a

~given Regge pole in different physical amplitudes, as described in

Section 4, These constraints have been included in our models.

,-IQ Section 5 we discuss the relatipns implied by the unitary
symmetry gioup SU3.‘,These are ignored in the process of fitting the
data; but are approximately satisfied.by the resulfs.

The experimental data_and’the method of fitting parameterg are
described in Section 6,

Verious fits to the data are summarized, illustrﬁted, and discussed
in Section T. A partial-wave analysis of some typical.soiutions is given,
to be compared to othervmodels that have been proposed, énd to show that
the unitary bound is respected., The rgtié of real to ;maginary part of
the forward»séattering emplitude is compared to experimeﬁt. Some
predictions of high~eﬁergy nN po;arization and K'n » Kop'-charge

’ ,

exchange are made,

s
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2, FORMALISM
Considef first ‘wN. scattering., Then at leaét three Régge v %

"poleé'afe needed to fit the data. The Pomeranchuk pole P describes.

the asymptotic limit; a second vacuum pole P' and the {p pole are' -
needed to give the differences of ntp emplitudes frém the asymptotie
limit and from each other. We take Just these three.
Singhl§ among others has described the Regge pole formalism
for this case., There is a helicity-flip amplitude B and a nonflip
amplitude A (which Singh calls A‘), in terms of Vhich the total and
' differential cross sections are
OT(S), = ImaA (S,t = 0)/P » o (1)
2 . ' : ,
CAVSUR R S b A 5 F PR SR T YT I Ty RS S 8127 . (2)
. dt e . ns I‘.E‘ I L 2 L 2 ) 1 - t ¢ g
L e lmy =3
: | .
Here s and t are the invariant squares of energy and momentum
transfer, p is the pion lab momentum, k 1is the c.m. momentum, and
'mN -is the nucleon mass.
" Each péle gives to A and B terms of the form
exp .(—'na ) + 1 o _
S ’ Ai = -Ci 3 i_= -g—- 1 R ’ (3)
| . sin w a, . Eq ‘ , ™
. exp (-ma,) £ 1 _ a,-1 ¢
By = Dy sin nia {%‘ -i
L _ Sl 0 : _

in a highqené§gy approximation. Here the label i denotes P, P' or

P.s ai(t) is. the trajectory, E = (p2 +_mﬂ2)l/2 is the total pion !

.lg%E;
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* lab energy, and ,Eo is an arbitrary'scale parameter, which we take

. for convenience to be 1 GeV. The sign t in the signature factor is

+ for P and P' but « for o . C (t) and Di(t) are real functions

related to the pole residues, When units = ¢ = 1 are used, Ai

and C, have the dimension (length), B, and D, ‘have the dimension

(1ength)2.
4 @end’ B, defined .

above refer to = p ecattering. Then the various' 7N amplitudes of

For definiteness, let the contributions A

) present interest have the forms

,A("-;f-p-)n--i-p) AP+AP'!'*AO '..-' (6)
A et en) = A en oA, (D)

A(r™ + p+1° +n)-

-2 AL - (8)
The helicity-flip amplitudes are similarly related,

Consider now XN and KN scAttering. Regge poles in this

context have been discussed by Sakmar.l7 Beside theApolee already

 described, two more poles with negative G parity (which cannot affect

. I :
™) are neededfto it the total cross-—section data..18 These are the w

pole (in which we include any contribution from the nearby @ pole)

!
19,20 The argument for an: R

and the R pole proposed by Pignotti.
term in kaonenucleon scattering is given in reference 21.‘
Justi as for =N scattering, there are two amplitudes for each

process and-%he pole terms have the same forms as in Egs. (3) and (L),

The variousgg@plitudes of present interest have the forhms
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A(K +p -> K™+

R .‘*v"'e* w - by T T R U )
A(It+ + §d+dg* + p$§_=t'AP $hp, = Al - A, * Aé.:w }fiii;,jet (;1)' :
At ftn k4 Q)_‘a«'AP 4fAP; _?A'f+ A - ﬂfd,;feff .t; (12)
AK +n+x° p)..'.z:v | ‘- ) . L _2A + ZAR . “: '} . Av.,v(lz};)' 8

b

We come now to the-parametrib forms assumed for the e, »

G s end D .

i 1

In the range considered dats fitting is not very sensitive to
the form of the trajectories a.(t) + Probably straight lines would

suffice’, but we have used a two-parameter form suggested by Pignotti

.which includes some curvature:

a(t) = -1+ 1+ a(0)1/01 4 al0) ~at(0)E] (15)

The two parameters are o(0) and a'(0) , the value and slope at t = O,

For the residue functions Ci(t) and Di(t) , the data suggest

, something approximately exponential in the small-t region, decreasing

less strongly at larger Values of t . The data we seek to fit lie

) -~

mostly - in'the-fofmer region. Accordingly, foy the even-signature pole&
‘P, P',and R we generally take the empirica; forms g' - : .
c(t) = coalt)a(e) #1] exp (Ct) , - (26)




D(t) ='.Doq(t) exp\(Dlﬁ) . ' | ' | (1T)

In a fe§ cases exp (Clt);in Eq. (16) fﬁ replaced by exp_(Clt + Cgtz).
The factors .(2a'¥‘l) in ¢(t) and &(t) in D(t) are angular-
momentum weight factors; the factor o{t) in C(t) is to remove the
unphysical singularity ("ghost state") that would otherwise occur,
whén and if the trajectory passes through & = 0 in the region t < O,
For the odd-signature poles p. and w , the crossover
" phenomenon (see Section 3) suggests. that the residue functions may

chenge sign, For this possibiiity we use g difference of exponentials,

c(t) = ¢ a(0){2a(e) + 1][(1 + G) exp (Cyt) = G exp (c )]
- (18)

D(t) = Dya(t)[(1 + H) exp (D;t) - H exp (o)) . (1)

" In the limit G =0 ; Eq. (18)‘reduces to Eq. (16), except |
that the ghést-killing factor (not needed for odd signature) is replaced
by the constant 2(0) ., For H=0 , Eq. (lé) feduces to Eq. (17).
Anotler wey to;pgrameterize a sign change is to multiply a.single
exponential by%alfactor (t - to); we tried this but found Egs. (18)
and (19) more satisfactory. .. | ‘

> The parameterizationé above are iﬁtended'onlj for“the-fange under
discussioﬂ, 0 Jt] < i (GeV/c)z.‘ It is not suggested that they-caﬁ
be extrapoléped, as they are beyond this range., They are purely
4 ,

empirical,

i

&
e
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 3,5:CROSSOVER EFFECT

' ,Néar to= 0 the 7' p differential cross section is slightly
greater than the = p value, at‘¥ach energy. For larger t . however,
the p ‘cross section is greater. The crossgver poipt seems to lie neaf‘ &
o= ~0.05 (GeV/c) o« This effect hasxspecial,implicétidﬁs fpr the p- pole.

It is natural to suppose first that the honflip amplitude A

dominates at sﬁall £ and is responsi }é for the'crossover effect. Then
the nip cross-sectién'difference is due to the interference term between
(AP +YAP') and AO » Since this‘interfgrence term changeg sign>at the
crossover, eithér 'A; 'changes sign or the relative phasé‘passeé through
+ = . However, in a Regge pole model the phase of each term is‘tied to

-2

its energy dependence, and it can be shown that in our case this relative

phase cannot approach # %'_for small t . Hence, if Ap_ dominates the

erossover, it must change sign.
.'Now in fact the amplitude Bp is noﬁ negligible aﬁ the crossover
point. If it were, tﬁe T +p> n? + n'vcharge-exchange cross section
would ianish, whereas nothing of the kind;hapﬁensf

If we include a sﬁbstantial Bo effect, Ab can still.explain
the crossover bx changing sign,.but‘an alterngtive.explandtién also

appears, Sﬁppose that the interference term between (BP + BP') and

Bp is rather strong, and that it has the opposite sign to the interference

between (AP * Ap,) and A + Then at = 0 . the "y cross-section | -
difference is given by the A term, since there is no helicity-flip A

contributid; here, However,_ag [t[ increases the B term can overtake ¢
the A ter% and reverse the cross-section difi‘erence.E : 3 .*:_ 5

e



-9=

1 We thué have two simple expianations: (a) A; changes sign,

(v) Ap and Bp: effects have opposite sign, bﬁt neither goes through
zero.. Of course other explanations can be constructed by combining'or
modifying (a) and (b), For instance, (c) Ap- and. Bp effects have .
opposite signs and AQ goes through zero, (d) Ap and Bp both
change sign, at different values of t ’ étc.

| A similer but stronger crossover seems to occur with the K’p
differential cross sections. Though we have no small-angle K™p data, _
the total cross sections with the optical theorem suggest the forward
cross gsection is gresater for' K-b; in our model this'is!ceriainly 50,
At larger angles,~howevef, the K+p velue becomes much the larger; by a
factor of 2 or more. In our modé@s the crossover must be due to the »p
and w poles, The same general types of explanation éan be constructed
as in the né caBe, subject to certain constraints, If A changes
sign,tﬁén sojdoes Bm (see Section hQ. The total cross-section data also
require both A~ and A to have the\same sign at t =0 ,

Becahse the K“p crossover is a bigger effect it is harder to

fit the data pdfrely by a helicity—flip effect of type (b) than in the
case of the vﬁpk crossover. A good fit seems to require a sign change

in a residue function (see Section 7).
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4, FACTORIZATION CONSTRAINTS
23 24

lw'The’factorization-thebrem of Gell~Mann ~ and Gribov-énd Pomeranchuk

states that the "N residue functions have the forms

cy () = Egn (ngg 4 mpt/0m® -] S, (20)

(21)

D (TN} = moenye

following the notation of reference‘és, vhere Eo is the same scale constant
~as in Eqs. (3) and (4); L characterizes the coupling of Regge pole i

to the  =#n system,>#hile Mg and .ﬁ2i give its coupling to the NN

- system, The KN residue functions are similar, with n, replaced by

1
ki *

This immediately gives a relation between the 7N and KN terms:
R , . ,

A)/B ) = A GRO/B ) L (22)

for the Regge poles common to both problems, i= P, P', and p .

The factor functions Mg » Mg o and Ny~ are usually

‘assumed to'be analytic and real in the scattering region of interest.

nﬂi %)

Hence if Ap(ﬂN)rwchanges sign near the crossover (Section 3) , either

\ .
n or n rust change sign., It cépnot be n“p s since that would

LI 1o
make both ‘Ap and Bp vanish at the éhme point, giving zero chafge
exchangg. %o nlp

nust éhange sign. Hence AO(KN) - also changes sign
at the same point. .

N : - < - ' :
In tﬁp- NN and NN problems, residue functions ("11)2' (r\2i

4

)2

and "ii n2i. appear, Clearlytthere are many constraints, relating these
26,27

to each other and to the 7§ and KN problems, Rarita and Teplitz”
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have argued that the residue function corresponding to (nlw)2 must -
change sign in order to expldin 8. crossover efféct between the pp and
pp differential cross sections. Such a sign change would contradict .

the assumption of real analyticity for the n, . However,'thé actual

s

residue functions themselves would remain real in the example cited if

(n )2 (n )2 (n )2 and all the other squared « factor functions
1w’ * 2w’ ? Kw’ * g

changed sign at the same point.
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5. UNITARY SYMMETRY = ; .

tThe unitary symmetry group SU. gives several_relationé that

3
are interesting tovconsider, even though the symmetry is not e,xe.ct‘..'e8

" Now =, K:, andz.i are supposed to belong to a common unitary
octet; hence the mn and KK _couplingé to a singlet, such as the

N

Pomeranchuk pole P , should be equals

Tap = My . (23)

". Hence AP(tN) = AP(KN)A and BP(ﬂN) = BP(KN)‘. The same 'holds for P' 0

if it too 1is a‘unitafy singlet,
The p:¢ pole belongs to an octet,. The coupling between ihis
particular octet and the #r and EK octets must be pure F=type to

preserve charge—conjdgation invariancé.29 Hence there is a precise

" relatidn between the couplings,

n = 2n

10 Ko B S (28) "

where the relative sign is given to agree with the gonvéntions of

Eqs.(6)==(14) end (20)-=(21). Hence A (M) = 24 (KV) end

Bp(ﬂﬁ) = 2Bp(KN) .

The w pole we have inﬁroduced is meant'td stand for both

w and ¢ , which belong paitly to the same octet as p but partly

H

. also to a singlet., No useful relatidﬁs concerning them can be

inferred without further specific assumptions.: , v

The R pole is supposed to belong to an octet‘and Pignottil9

ot . i
suggested tHat the isoscalar member of this octet {let us denote it S)
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mightvin fact play the physical role usually ascribed to a second

vacuum pole P' , Now this octet must have pure D«type coupling to

9

" the "mr and KK octets,2 so we have

= (25)

n

N

="ks s

. n
i3 R
This imples Aé(nN) = ~2A;(KN) and Bg(mN) = -2B.(KN) , end shovs that

< Pignotti's suggestion about the role of S is untenable: S cannot

- substitute for P' , since total-cross-section data require at least
}

that AP,(ﬂN) and AP,(KN) have the same sign at t = 0. However,
our empirical P' term may in fact include a contribution from S ,

and may therefore not behave liké\a pure singlet,

1

We cannot compare the complete R and S amplitudes, since

we do not know the F/D ratio of théir coupling to ﬁN .
' \

\
%

\

ok
&i

=\



. have been made
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6. DATA AND PARAMETER FITTING

. The experimental data used are as follows. Totaliéross sections

for n*p , K%p, and K'n at 6, 8, 10, 12, 1k, 16, 18 and 20 GeV/c are

takeﬁ from reference 18. Eiastic differential cross sections are taken ‘
from referenqc,;;ﬂfor vv+p at 6.8, 8.8, 10.8, lé.B, 14,8, and 16.7 GeV/e; .
fori T p at'7,v8;9,v16.8, i3,.lS, 17, and 18.9 GeV/g;‘for K+p at

6.8, 9.8, 12.8,and 14,8 GeV/c; and for Kp at 7.2 and 9 GeV/e. For

T + p - n° -+ n charge exchange, we use data from reference 9 at 6, 8,

10, 12, 14, and 16 GeV/c and from reference 8 at 5.9, 9.8, 13.3,and
}

18,2 GeV/c, Our K~ + p > K° + n data are at 9.5 GeV/ec, from reference 7.

In all we use 334 7N date points, plus 115 more for KN and RN; most

of these are illustrated in the next secfion.

Recently fresh ntp differential cross-sectlion measurements
30 4t 8.5, 12,4, and 18,4 GeV/c. These results are very

. ’ . - i :
similar to those of reference 11, but there are small systematic differences

whiéh make it hard to fit both sets simultaneously. _Accofdingly we have
chosen to omit the data 6f reference 30 from the final analysis,

The nN charge-exchange data of reference 8 show a minimum near

t = -O.6(GeV/c)%, followed by a slight rise. It is not clear whether we

should seek an explanation of this in terms of the p Regge pole. Ve
therefore constructed two kinds q€ solution, one iﬁcluding and one
exciuding the charge-exchange daté beyond this minimum.

The, parameters of’ our models were optimized by least-sqﬁares

' iV \ <
fitting to ﬂﬁ?a, using the IR .T09h éomputers et the Lawrence Radiation
Laboratory, with progranms based on aAiﬁriable metric minimization method.Bl ?
The paramet;is were also restricted to éatisfy reasonable physical criteria. .
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The coefficients C D and D . appearing in exponentials

1 G300 D 3
[see Eqs. (l6)e~(19)] were not allowed to become negative,vnor very
large; a practical upper limit (hmng)-liv 12.5 GeV-2 was imposed.
The zero igtercep@ of the‘VP traje;tory was fixed at aP(O) = 1:
some émpirical suppbrt for this choice is deseribed in Section T,

Perhaps the host impértant cgkstraintfwe applied was unitarity.
Each solution was decomposed numericéily into parfial waves and the
partial amplitudes were compared with the unitary bound., Violations of
- unitarity wefe tolerated only if the parﬁial amplitudes concerned were
essentially zero and contributed nothing to the fit to d;ta; we regard
" these marginal‘violations as being consequenées of imperfect parameterization
and having no physical significance. Substantial violations of unitarity
were not tolerated; the correspondigg solutions were m;dified and
constrained until they conformed.

‘It ié interesting'to note the types of unitarity violation that
occurred., We did not find the type most expected, in which the lowest
partial amplitudes become too iarge, but we found two unexpected types.
(i) To illustrate the first type, consider a spinless problem at some
given energy, with a pure imaginary amplitude i exp (at) . It can be
shown that all the partial-wave amplitudes are positive imaginary, because
of the special properties. of Bessel functions. However, if instead the
,amplitude is i exp (at + bt2 ) the partial amplitudes do not all have
thé same sign; some aré negative imaginary and violate unitarity. We met

thiS~typé of violation when the parameter C. was used [see below,

, 2
Eq.~(16)};5%ortunately the offending terms were usually very small and

in high angular momentum states, and had no physical importance., This
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kindvdf vioiation seems clearly’due to ovefsimplified parametgrization
of the amplitudes; (1i) To illustrate the second type, consider the

usual "nonrelativistic" definition of nonflip and spinnflip amplitudes.

o

For given orbital angular momentum L » the nonflip contribution cone |
tains a sum of partial amplitudes (L + 1)a.L+ + LaL_. and the spin-flip ' ‘
terms contains the difference S S Suppose the partial amplitudes
aLt are iméginary: thén for = fixéd nonflip term, @he spin-flip term

cannot increase indefinitely vithout either &y, or a beconing

L~
. negative and violating umitarity. T@e relation of our amplitudes A and
B to partial waves is more compliééted,32 but we did fimd essentially thié
type of vioLation when B contributed too strongly to high partial wavess
:the remedy was to reduce and restrain the'coefficientsr Dov and Dl

[see Eq. (17)]. |

We began by fitting the N data, . With this analysis uséd to '
fix the.ratios A/B (from factorization)'and the traJectmrieg a(t) for
P, P', and p , the KN and KN data were fitted ﬁy,adjusﬁing the
remaining parameters,

The value of X2 s characterizing the goodnes§ of fit to data,
requires some comment, Ideally, with data free from systematic error and
a perfect theory, the expected value is the number of data points less
the number of adjusted paramgteré. Hdwever, when the qmoted eccuracy
of data becomes less than the systematic errors of experiment or theory, *
the value of X2 soars, .We found two places where this happens, Firstly,
the K+p total cross sections18 are given to #0,1 mb, and in the mean are
almost conéé%pt with energy; however, there are some fiuctuamions of

. order 0.3 mb, so that no theory with a smooth energy variation can give

a- textbook fit. These eight points contribute typically adbout 23 to x2.
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Secondly, the . n_ + p =+ »° + n data from reference 8 show: systematic

deviations at small angles from the single-power energy dependence of

'Adur models; the apparent rate of change, comparing 5.9 and 18.2 GeV/c

data, is greater than that obtained by comparing 9.8 and 13.3 GeV/ec.
The quoted uncertaintxvié as sméll as 3% for man& poiﬁts. “As a result,
the 4O date points with [t]| < 0.2 (GeV/c)2 contribute typically about
100 to x2 . With data of such precision, even é small systematic
divergence between theory and experiment has a big efféct on X2;
whether theory or experiment is at' fault we cannot say. However, the

b !

charge~-exchange data have appreciable uncertainities in t , which

we have not folded in.

o sty

Beivl e
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f%. RESULTS AND DISCUSSION

Four solutions are given in the tables, Table I lists the . .
parameters ai(o) and ai'(o) of the trajectories (abbreviated to a,

and ai'): o =1 is not listed, Tables II and‘III give the coefficients
of the amplitudes Ai(ﬂN) ~and Bi(ﬂN) respectively. Table IV shows:
parameters that connect the_ KNt and ‘wN contribgtions from P , P',
and " p , in the notation:
A, (KN) /A, (7N) = 'Bi(KN)/Bi(nN-)' = F, exp (F,t) : ’ (26)
Table V gives the coefficients for the R and w KN amﬁlitcdesa
The fit to data is illustrated in Figs. 1 through T for the typical
case of Solution 1.
Solution 1 cxplains the ! crossover effect both because ‘Ap
changes sign and by Bp intefference' in -term° of the discussion of
Section 3, it is of type (cj The KN crossover is explained w1th the help -
of the chacge of sign A; . The dip and second maximum in N charge -
‘exchange is explaiced because Bp goes through zero nq&r t = 0.6 (GeV/c)g.
~ The fit to 334 =N data, yith 21 adjustable parameters,-has X2 = 50k4 ,
The fit to 115 KN data, with 18 parameters, has y - = 152 . -
.Solution 2 gives essentially the same explanation for the crossover
and .charge-exchange effects:' However, the BP' term--whcse main role is .
apparently to give some convexity to the cross-section plots;ais dréopped
and a factor exp (Cata)' int;oduced in AP' instead, The fit to 33k mN 4

points with 20 parameters has x2 = 482, The fit to 115 KN points with

18 paramete%e has X2 = 139.

r;-
WRE
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- Solution 3 explains the %N crossover by Bo ‘interference; in
terms of Section 3, it is of type (b). A.corresponding exélanation for -
ﬁhe KN cfossover, adding BQ interference effects, was tried but proved
ﬁnsatisfactory.' Accoraingly; the KNl crossover here relies on a change

of sign in Aw s and Bw is not used at all, Solution 3 contains no

" explanation for the second maximum in . nN charge exchange: in making the

fit, the data of reference 8 for [tl > 0.6 were omitted; x2 = 502 for
322 N pbints with 17 parameters; x2 = 155 for all 115 KN points with

18 parameters,

1

. !
Solution 4 explains the crossover and ignores the second maximum

in ‘wN charge exchange in the same way as Solution 3 . However, like
Solution 2, it drops B, and introduces a factor.exp'(c2t2) in Ag,
instead, The fit to 322 #N. points with 16 parameters has x2 = Lus,
The fit to 115 KN points with 18 perameters has x> = 145,

L] .

- We now discuss several points, under separate headings,

(1) Agreement with Experiment -

If the Regge pole hypothesis is correct, we may perhaps expect

- the few leading poles to give 90-95% of the scattering amplitude, in the

nonasymptotig region considered here., In any case, our simple parameterizations
of the t-dependence can hardly be more accurate than this, We might ther¢~.
fore expect an accuracy of 10-20% .for differential cross sections, but in
fac£ the agreement with experiment is much better than this,

Thus, although the values of" x2 are not impressive when taken

at face value (see Section 6), the fit to data is really surprisingly good. .

=\
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(11) Parameters of Trajectories

We have given no statistical unceftainties ih Tables I through V,
" since in many cases they would have dubious physical significance. |
Hovwever, there is special interest in the trajectory parameters ai(O)

and ai'(O) .- o

The statistical standard error on the intercept ai(O) is
typically about 0,002 for p , 0.01 for P' , and 0,03 - for R and ‘w ..
Such a small error for ap(o) is meaningless when compared with systemaéic

differences between solutions, : , ;
!

The intercept 'aP(O) has been assumed fixed at 1,0, It is interesting

33

to test this theoretical choice empirically, In Solution 2 we varied

uP(O) near 1.0; the *2v ninimum seemed fo lie between l.d and 1.005, witﬁ .
& standard error about 0,01, ”
;The standard error on ﬁhe slope ai'(o) at t = 0 is typically
- about 0.01 for o s 0,03 for P and P' , and 0,05 for R and w o
Ag&ig, sjstematic différences are bhigger fhan this for p o
It is satisfactory that aR(O) agreesvwith the value 0.31 + O,OS,W

. deduced by Ahmsdzadeh from NN data.ao

(iii) Slope of .p Trajectory |

There %as béén great interest in whether the latest aN chargee
exchange datas’g really establish\a shrinking diffractién peake=i.e.y 2
YSIOPE for the p trajecto?y. Loggnlo concluded'that they do, us;ng the
data of reference 9 only. However, to determine an accurate value for
the slope he had to assume a straighﬂ%&ine p trajectory passihg through

i ' : A

1.0 at @ = mg? . , \ | g :

Our models give strong evidence for shrinking, We do not require ' B

the p trajJectory to extrapolate to the o pole, but we do include =

\

0N,
J
&
=]
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lot of non-charge-exchange data which help to tie down the trajectory.
Also we include the more accurate data of reference 8.

'As a further check, we analyzed the data of reference 8 alone,

in terms of the o trajectory, following the pattern of Solutions 1 and 2.

Assuming first a curved trajectory according to Eq., (15), we found the

trajectory parameters aO(O) = 0,540 + 0,002 and 'ag(o)r= 0.65 + 0,02,

For this fit to data, 2 = 1Uk with 75 data points and 10 adjustable
parameters, |

Assuming next a linear trajectory, instead of the form in Eq. (3),
we found a best fit with intercept 0.530 + O. 003 and slope 0.47 + 0,02,
For this fit to data, X2 = 175, with the same number of points and
parameters as before.' |

The best fit with no shrinking (horizontal trajectory) has intercept
0,45 # o 1 and xa = 265, |

(iv) Spin Dependence

4

To determine the spin dependence of N or. KN scattering purely
from experiment, polarization and triple-scattering experiments are needed,
and {hey are‘still lacking. However, the spin dependence of our models is
an important help in fitting the data, In particular, the sudden rise in
7N charge exchange as the scattering angle increases from zerc is most
naturally explained by a strong spin-flip term—-which has to vanish at
zero\angle--coming from the p trajectory. The corresponding effect in
iN . charge exchange calls- for spin dépendence from R 'as well as from

p (which is constrained by factorization). Also, spin dependence allows

an alﬁernative explanation of the =N crossover effect (section 3).

N
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For a particular model, therefore, there is an optimum spin

dependence that gives the best fit to data. But in a broader sense thel h -

spin dégendénée‘is ndtvfeally wéll détermined. It ﬁay be changedr -
congiderably while a 5 to 10% fit to data is.still‘preserved; it may be
éhanged'radically‘if we use a completely different parametefizatioh; For
an'éxample,rcompare Solutions 1 and 2 (or 3 aﬁd L), whiéﬁ show how the
BP' term may be traded for a cﬁangelin AP' + Also néte in the KH ¢

case that we have not invoked the .Bw term; in fact, a wide range of

. values are consistent with the data.

The #p polarizations shown in Fig. 9 are théreﬁore illustraticné
rather than firﬁ predicatiéns. It is interesting to néte that»the value
may be as. large aS_ZO% at 10 GeV/c, and that the Bo'térmlsuggested by
the 1N ch&rgé-exchahgé data is strong enough to reverse ﬁhe sign betwegn
n+p and # p polarization, at‘some angies. But nl- charge-exchange |
polarizatioﬁ vanishes, of course, since A ana B havé.the same phase
when both come from a single trajectory.

Aithough some paraméter.freedom remains, polarization data of all
kinds would make a valuable test of Regge pole modelé.

There is an overall sign ambiguity for the helicity-flip terms,

Bi s With the daéa we have. This has béen resolved by assuming the ratio
AD/BP' to have the same signnat t = 0 as at the p pole, t = mp2 .

It ig interesting also to coﬁsidEr ihe magnitudeiof this ratio., Taking
the ﬁNp vector and tensor coupling.constants to be ér0portional tq the .
nucleon isoyector charge énd anomalous moment form fﬁctorg, we fina that ‘
Ap/Bpi& 0.2 Fﬁat t = mp2 , Wherease at . t = 0 the value is 0.08 E = 0.09 Ev

for our mode%&. This decrease seems consistent with the fact that, for

t <0, AD ' goes on decreasing faster than Bo in these models.

" ha A T — 1
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(v) Characteristic of Regge Bpin-Devendence

A sigqifiéant feature of the Regge pole formaliémbis that the spin
dependence of a polé contribution does not vanish aéymptotica;ly3h--unlike
what one expects in a simple diffraction situation, Ordinary (first-rank)

‘ polarizatioh vanishes asymptotically only because it happens to require the.
interference of two amplitudes that are out of phase, and hgnce requires-

two poles. However, second-rank polarization effects (e.g., spin

correlation, depolarization) can come from a singie pole, If the P 'pole

has spin dependence, some of these effects‘tend asymptotiéally to nonzero values,

Second-rank'polarization measurements &t high enefgy would therefore
be very interesting. Witﬁ polarized targets now coming into use, they
are not unthinkable,

On this question of the flip and nonflip effecté}lhaving the‘same

energyodependence,3h there is‘already some affirmative evidence in the

case of. p . Assuning thé small-angle bump in 7N charge-exchénge

is due,to~;&nd donminated. by=«the flip term,-we-have-a~measureaof its.
energy dependence, The nonflip term is isolated in charge exchange - at .
t = 0 , and in the total cross-section differences, Our fits to data

illustrate that the energy dependences of the flip and nonflip effects

are closely comparable,

{vi) Partial-Wave Analysis \

.

Our models offer an interesting contrast to various empirical

partial-wave analysés of wN scattering in the multi-GeV region.35-37
The latter have generally had to assume a purely imaginary amplitude

with no spin dependence;38 we have neitheﬁ of these restrictions.

y,
%
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Table VI ‘illustrates the partialewave amplitudes for Solutions

1 =

1l and 2, for w+p scattering at 10 GeV/c. They are defined by

8, = [exo (2i6 ) -1}/, , - (271)
where '6L+ is the (complex) phase shift for orbital anguler momentum
L and total angular momentum Lz %' o

 The partial-wave analysis was made by conﬁiouiné the model
amplitudes to all scattefing.angles, Qell beyond the renge where they
are fitted to data, Howéver, only tﬁe lowest partial waves. are sensitive
to the wider angles; the higher ones.are mainly determin;d by the forward
peak,

Unitarity requires dL+ to lie within e unit circle in the
_complex plgne, centered at 1 t In the pure diffraction approximation,
aLi yoyld bo.guro imaéinaiy and rostricted to lie betwoon ‘0 and i,
the latter”corresponding to comolete absorption. Notice thot the low

partlal waves in Table VI do no approach complete &bsorption.

(vii) Phase of the Scattering Amplitude

The ﬁhage of the scattering amplitude in our models is not freely

disposable, buﬁ is determined by the a, through the signature'factofs.

i
Where this phase can be measured directly, it offers an important test

~of this kind of model.lh

>

The ratio of the real to the imaginary part of the forward -
elastic amplitude has been measured for higheenergy ﬂﬁp scattering.39
The results are shown in Fig, 8, together with the theoretical predlctions

of Solution; i for n“p and K“p scattering (the other;solutions all

lie within §6.01). The models agree with experiment in sign, in



magnitude, and in giving a.larger velue for W+p than fér D . There
have also been vééious dispersion-relation calculations Qf this ratio.ho'hz
The resulté depend.on what asymptotic behavior is assumed for total cross
sections, but on the whole they are consistent with experiment and with
our models, |

The phase of the forward elast;c K:p amplitudes has.not yet
been measured at high energy. It would be & valuable test,

A Tﬁe phase of the- 7N forward charge~exchange amplitude is also
known, The imaginary part is determined by the total_cro;s-section
difference oT(u"p) - oT(n*p) and the optical theoremn; t%e real part
then follows from the diffefential cross section; the two are approximately
equal, within a sign, This is an important test of the conqistency of
the model, In fact, tﬁe test is even stronger than thi;; at t =0,

Ap is determined by.just two parameters, ap(o) Aand' Co(p) . These fwo
successéully account for four independent experimental quantities-~the
magnitude and the'energy dependence of forward charge exchange and the
difference of nip total cross sections, |
The»phase of the K;p chargeuexchapge amplitude is also roughly

known, from sigilar arguments, The amplitude appears to be mainly
vimaginéry. Tﬁi difference between this and the N situation is
neatly explained by the R contribution-ethe presence of which is
required by the totél éross sec'c,ions.zl This is another exahple in
which the phase is correct;y‘given by tﬁe Regge pole model.

7 The pﬁher possible éharge exchange, K+ +n K+ p , has not
béen measurei”¥t high energies, The p + R Regge pole model gredicts

that the forvard amplitude is mainly real-~i,e,, the forward cross

section greatly exceeds the optical limit--since the p and R terms
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‘now changevtheir rglative sign,;aﬁd_thé'real parﬁé‘édd-ﬁhile the"
imaginary pa:ts éahcel.gl Mpré specifically, thé ﬁodéls we haver
constructed give piedictions for this cross section in the range

lt] < 1 (GeV/e)?, which are illustrated in Fig. 10 at 10 GeV/c. The

nonflip term is much stronger there than for K + P +'E° + n, giving

8 bigger cross section and eliminating the dip near t 0+ Measure=-
ments of this process would be very interesting, and would make a good

test of the modéls,’

(viii) Second Maximum,inv #N Charge Exchange ,

Solutions 1 and 2, which set out to éxplain the éip ana second _'.
maximum, do so by making.tﬁe factor (1 + H) exp (Dlt) - H éxp (D3t) in |
Eq. (19) change sign, go that Bp goes through zero, There are of course
other possibilities. ‘

One attractive idea is that Bp does indeed go-throughIZero,f
bﬁt beéﬁuse of thevkinematicél factor ap instead of thé other empiricél
factor in Eq. (19). The curved trajectories we have used, which are rather
arbitrarily made to govto a==1 at t = == , do not paés through
zero in the right region.l However, if we assume an almost linear trajectory

2 2 0.56 (GeV/c)2] and

going through thg p pole~[ap =1 at t = m
through ap'= 0.5 at t =0 (as indicated by much data), it goes
through a = 0 near t = 90.6(GeV/c02 «=precisely where the dip
ocedrs in #N charge exchange. This is é remarkable coincidence,

To explore this .idea, we constrﬁcted a model similar to Solution 1
but with a ii?eaf trajectoryvof the kind described’above and with H
lying betweéﬁ% 0 and -1 . The fesulting fit to wide~angle charge-~ »l B
eXchﬁnge data was less good, and X2 was over 609 for the ﬂﬁ data,

However, we believe that an explanation along theég lines is tenable.



27w

(ix) Unitary Symmetry

~ The prédiction of SU, symmetry is that, in Table v the coefficients

3
F0 should be 1 for P and P' , but 0.5 for p ; also, the coefficients
F should all be zero (see section 5). |

. These prediétioﬁs are fulfilled remarkablilwelllfo: P and
p,h3 but both fail for P' ., This may be due to S , the isosinglet
member of the R octet, which would contribute with opposite signs
to "N and KN amplitudes; if so, it would appear that the coﬁtributioﬁs
of S and the "true" P' are roughly equal in the 7N case, for the
energy range cdhsidered. |

Let us also consider the Johnson-Treiman relations for forward

scattering amplitudes, inferred from the wider SU6 symmetry:

= (AK*p) - A(KP)] = A(%p) - A(K°D) = A(n'p) - Ar"p) . (28)

In terms of our models, if we disregard the small differences between

ap(o)‘ and aw(o) , this implies’

1 KN KN - KN KN N
5 [cy (w) +Cy (g)) = Cy (@) =Cym(p) = Coilp)
' (29)
This is turn, when the SU3 relation for p couplings which we have
already seen to be verified is used, reduces to
To,Mw) = 32¢,M0) | (30) .

Comparing Taﬁges II and V, we see this is quite well fulfilled, showing
that the dath we fit are at least approximately consistent with Eq., (28).

A.-test of lower-energy KN and KN data has been made previously.hs
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The corresponding_relation,for helicity-flip:ampiitudeSvisv

irrélevant here;'sinée there are~not‘enbhgh data to fix Bw and we

\

have arbitrarily set it equal to zero.

symmetry alone, if u » -

 ‘Equation (28) would also follow. from SU4
and p belonged to the same octet and had pure F=type coupling to
baryons.h6 |

(x) Helpful Experiments

Finélly we summarize~briefly'some mé#suremenfs that ﬁould hglpv
to test Regge pole ﬁodels of the.kind we have made: -ntpr polarizétion,'
to tie down the spin-flip terms and test the réiations,b;twéen'phase and
energy dependence (Ktp ‘poiarization tdo, of course); Kt +n - K° + p
cﬁarge exchange, to test the o ¥_R modei; Ktp Coul?mb inﬁerference,
to test the phase of the forward scattering amplitude; ia + P n° +n
'polarization, to see if a single pole really dominates; =N secondurank

s _ . .
ﬁolarization tensors, to test the Regge characteristies mentioned in

(v); K +p~ €° +n ‘8t other energies, to test the energy dependence

of the p + R model.
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- T Tablevl. Trajectory parameters, The,slopes’a' are_in'
i units (GeV/c)‘_:’2
...{;§olfn aé "GP" QP, ap ap op QR, Qm @ R
‘1T 0.34 0,50 0.3 0,54 0,65 0,32 0.80 0.52 0.60
2 0,34 0,50 0.3% 0.53 0,71 0,30 0,55 0.50 0.60
3 0.3% 0,50 0.38 0,5 0,78 0.30 '0.75 0.52 0,60 -
b 0.3% 0.50 0.3h 0,53 0,75 0.3L 0.55 .52 0.50
Table II, 7N nonflip: amplitude coefficients -
. B
P . . - P? P
. Sol'n CO in | cifig\ Cy in Cy ig C, iﬁ G in 'Cl ig C3-ig G
mbX GeV GeV mbx GeV GeV GeV mbX GeV CeV ~ GeV
1 6.55 2,51 19.6  L,04 e 2,45 _'5.6 0.1k 0',50‘_'.-‘
2 6.60 2.2h  18.6 248 10,3 -2.61 9.6 0,00 047
3  6.52 2,58 .20.0 4,01 ==, 2,45 114 = -
b 6,58  2,lh 18,9 2,24 11,2 2,60 12,5 == ==

-.Table III, nN helicity=-flip amplitude coefficients

P o Pu , D :
_ Sol'n Do in Dl i;'_DO ig Dln;n ,DO in Dl.fg D3 ig, i
Yoo ‘mb GeV GeV =~ GeV mb GeV = GeV :

o1 =T O.Si -101 8.1 56.9 1.6k 0,31 0.90

2 \‘\é ;6.5 0.65 V" \ s 69'5 2050 O.° 59 0951
3 ’ ﬂll ah, 0 090 -lOl 8 .l ; . r 62.!‘5.: v. 3917 -q: . v--‘ b \
;.h 52203 1073 'uv'?.m- , 06705; %3359 ﬁ;- Bhadad
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. Table IV, Parameters relating P, P%, and p contributions
~ to 7N end KN '

P P! 2}

Sol'n Fo Fy f; Fo Fy fg Fo Fy ig‘
GeV™ GeV GeV
l 00901 ! °"0023 0.279 "1061 00527 0.01
2 0.896 -0.,22 0,285 1,19  0.521 0.0l
3 0.905 -0.,21° 0,280  -l.72  0.529 0.01
L 0.900 0,18 0.281 =)o 27 0.480 0.00
Table V., KN amplitude coefficients for R and w
—— _ — e
o R w
Sol! C. in C,in D.in D, in C. in €, in C, in o
ol'n o 17, 70 1, 0 1, 325 6,
mb¥ GeV  GeV mb GeV mbx GeV  GeV GeV
1 3.34 2.16 =31.2 1.76 5.99 10.5 0.17 0.86
2 3.69 2.81 -29.3  1.77 6.62 10.0 0.02 0.66
3 3.50 2,21 =32,2 1.T3 6,14 10,0 0,27 0499
u 1,78 6,34 10,0  0.00  0.69

3.7
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ot s 4 s
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. Table vr. Partial-wave amplitudes of solutions 1 and 2
‘ ' for n p scattering at 10 GeV/c ;i : a

R o ~ Solution 1 _ : ' - Solution 2
: L Re an* Im gL*»'Re &L- Ima., Re a Im at+ Pe aL_ Im;aL_

L= . L+

0 =0.056 0.224 - -,' ; ~0.050 0.248 . we  wm
1 f-o.092 0,259 0,018 0,161 -0.081 0.268 =0.05T '0.212

2 -0.098 0,269 =-0.033 0.151 '=0.078 0,269 =0.040 0.185

3 -0,087 0,257 =0,043 0,143 . -0,072 0,257 -0.0b2 0.162
4 -0.073 0.233 -0,043 0,128 -0,062 0,234k ~0.041 0.1k0
5 0,060 0,205 -0.037 - 0.109 0,051 0.206". '-0,038 Q.llS

6 -0.049 0,176 uo.b3o 0,088 ~0.040 0,175 0034 0.095

7 -0.038 §.1h8"4-o.02h 0.068 _ -0.030 0.145 20,029 0,076

8 -01020 03121 =0,019 03051 '=0.023 0,117 = =0.025 '0.058

9 -0,022 0,098 0.0l 0.036 «0,017 . 0,092  -0.021 0.043
10 -0.016 0,077 =0.010 fo;ozh'r -0;012 0,072 150.018 '0.030"
11 -0.012 0,060 -0.,007 0,016 ; -0.009. 0.055 .-0.015 0,021
12 -0.008 0.0L5 =0.005 0.009 0,006 0,040 =0.012 0,01k
13 -0,006 -o.oéh - «0,003 0:005  .0300 0,030 =0.010 0,009

‘14 -0,004 0,025 w0,002 0,002 ~0,003 0,022 =0.008 0,005

§§3,
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compared with Solution 1.
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14,8, and 16.7 GeV/g, from Ref., 11, compared with Solution 1.
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and 18,9 GeV/c, from.Ref. 11, compared with'Solution 1.
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~and 18.2 GeV/c, from Ref. 8, compared with Solution 1. The
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from Ref. 11, compared with Solution 1. Successive sets are
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