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ABSTRACT

A phenomenological study of N-N scattering is made accord-
ing to the Regge pole theory. The p-p , J=-» , p-n , and T-n

elastic processes and p-n , charge~-exchange scautcr;no

are considered. The purpose of this work is twofold.  TFirst, to see

if there is agreement between a simple Regge pole model and the c“*yt—
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ing experimental data, such as measurements of
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tions, ratio of the real to the

other inferences from w@-I scattering. Second, if agreement is

‘Tunctions. It is found that a Regge pole model which includes the
contributions of the uraJecnor P, P'", w, 0, and E can
: ~

account for the data. The agreement is betier abvove 15 (GeV)®, Below
this energy, discrepancies between this model and experimental data
begin to be noticed. ‘fhis happens, in particular, in processes in
which o and R are the principal contributors, le. find ﬁnat the
zero-momentun- -transfer data are in good agreement with an . inter-
cept of 0.5, with P , P' , and w residues almest egual in value

and with LOm aratively small p and R residues. The study‘of ihe




data at invariant moment transfers less than zero indicates that the
trajectories are straight lines or have a small curvature. They

seem to follow the trend of the Chew-Frautschi diagram., Poor agree-~

es that tend asymptotically to the

[wN

nent is obtained with trzjector
axis, o = 0.. The residues of the trajectories of even signature, I

tehave similarly. They remain greater than or egual
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this latter wvalue at the pcint at which the corresponding

t

A

trajectory crosses the axis o = 0 . In contrast, the residues of

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

remain less than or egual to zero, this latter value at the point at

wnilch the corresponding trajectory crosses the axis « = <1.. The
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h
O
H
0
o]
3
[
CL
o
)
ct
oo
[RY]
ol
e
<
»
~
1
o
ol
)
*8
e
[N
ct
,'L'
U’}
Y
(-L
Ia]
[§%
[ne]
(o}
ct
[
<
e
0]
ct
ot
(@}
0
o]
[P
H
"}
[N
e}
192}
-

For the direct {g) channel in Hal
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he momentum-traonsfer invariant, < = -Zp_ (1 -z.),
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where p is the c.m, momentun of cne of the nucleons, m 1is the

nucleon mass, and 2 is the cosine of the c.m. scattering angie.
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a properties c¢i the cross anninilation channel,

amplitudes are written also as a Tunction of complex angular momentunm,

Y

The domain of interest is that of nigh energies (s) and small
WP . - ) .
momentum transfer (t) , where the Regge pole approximation is
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applica ble.3 In this model the scabtering is controlled by the

exchange of total angular momentum trajectories of well-defined

quantum numbers (in this case those of the Ii-li crossed channel) an
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J vparity, since the angular momentum is interpolated.

L

The Fegge pole theory has successfully correlated numerocus

J}

experimental results. This success provides encouragement to study

experiments from this point of wview.

The data available consist mainly of total cross sections, differen-
tial cross secv-o“s, and polarizations. There are alsc some measure-

ments of the ratio of the real to the ilmaginary part

v

In Section ITI, we compile the formulas to treat the four cases

of elastic scattering, and p-n and P-n . charge exchange. The con~

guantities of the theory, e.z., the trajectories and the residue func-
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We treat in Section IV the region of momentum transfers

ifferent from zero. Here trajectories and residue functions are

d
specified in accordance with experiment and with physical constraints,
such as factorization and real analyticity of the residues.

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

re determined. Their
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role in connection with elastic -
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I. FORMULATION
Zlastic Scattering
£

S
v

interpretation of the

total éross section, g, » the differential cross section, da/dt ,
and the polarization, P . These yuznitities are functions of the
variables s and t , the four-vector invariants in the direct

and crossed channels respe;tively. With respect to elastic scatter-
ing, the four cases in which we are interested will be specified
by two iﬁdices, the isotopié spin, I ., and the baryon number of the

this notation we® have, for example

systemn, 4 . In
.
o, (vp)
¥
o, (p,n)
t
. (==
o, (Bp)
o, (Tn)
|9
The expressions that
a simsle form vwhen they ore
Taaes, 9, , of which there
i
nucleons, In this form, one
- Vs
o, (I,2) = hu(s -

>

i

i

T
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where m 1s the nucleon mass. We use units h =c¢c =1 .

4
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the particle pole, N represents

the number of trajectory con tr;Lutl ns, ¢iT(I,A) is a functicn
ad

N .

which tekes into account the spin
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is the signature factor given by

1+ 1 expl-ina.)
o L -
L, = — (5)
L 2 sin wa., ? 2
L
T
where T iz the F  parity or siznature defined by 1t = (-1)" , and

J is the total angular momentirs,

s T may have the values
tne case of an even-s 1bnuuurc trajec-
ual particle when J is even,

rajectory which is
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The functions ¢i-(s,t)' that are defined in Fgq. (4) can now
‘be expressed as a funcfion of ﬁhe amplitudes, f,L(s,t) , of the
crossed channel, that is, of the channél in whiéh the invariant moment
t Tbecomes the square of the c.m. énergy. They zre so eéexpressed be-
cause the f. amplitudes are related in a simple way to the pole

fTorm the

fied.
een & state N-N(I',0) of the crossed channel and
?

The connection betw

a state. N-N(I,Z) of the direct channel can be writiten in terms of

$..(s,t) and £, (s,t) in the fornm ;
iL - 3L
- - P {+1?
M (> (-1-,2) - K. :_f--\-L ,O)’ s (
1l 1J g4 )
where K. 1is the spin-space element of the transformation, and I.__,
Jd L

g
t

3 4 » 4 3 N t o Nt f s 1 oS 0\ - LI
the isotopic spin space factor. The M-l L,O) to Hi-ii{l,2) crossing

N
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mavrices are
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where u , the four-vector invariant of the wu channel, can be

written as a function of s and t , with the use of the energy
. 1,2 :

equation, Un®" =5 + 1t + u .

The prescription for obtaining ¢iL(I,O) must now be given

‘to cover the remaining cases; beforehand, however, we digress

briefly to see which traj ecboLy contributions should be considered.

[}

D)

he crossed ‘channel;

-

"irst, they have to be able fo communicate with t

therefore, they nust have quantum nunbérs equal to those of the H-I

annihilation channel., Second, they must be high-lying trajectories,
since the scattering process at high energy is dominated by them.
P < a S p + g
Some of the trajectories assoclated with the nonets J = 2 and
5 _
J= 1 fulfill these requirements., They are listed in Table I. Tor

these particular groups of trajectories the ordinary parity, P ,
and the J parity are equal, and we will simply denote a trajectory

of this type by the indices (L , <, I') . It is not known at
S/
present whether the trajectory of maximal strength required to ex-

plain the total cross sections at the asymptotic high-energy linmit

is, or is not, the singlet member of

4.

i +
the 2 nonet,

If it is not,
in addition to the Pomeranchuk trajectory of Table I, one should in-

clude a trajectory associated with £'(1525) .




The = , ¢, n, and A  trajectories also ccommunicate with the
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N~ channel., HNevertheless, they

Table I, and for this reason their contributions are less imporvant

< - -+

t high energies. This statement will become more apparent in the

©

following sections, where the possible relevance of some of them will

be considered.

o

inally we return to write the expression that gives ¢, (I,0)
.

for the trajectories 7, P', w , p and R of Table I. In terms

of ¢..(I,2) , we can wri
: il

is not general; it is meant for the trajectories o

.
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3y , ey e
) are partial
LS 4 4omde T eaye e DU . 4ol 2 o4
inite total angular momentwn, total spin, & , and

- E vt Moy 3 ~ s 3 - eata twidiv Aafind — e g
prarity. One may therefore associate them with definite pole trajec-~

-

e

tories. They are obtained in the fcllowing manner. Tirst, the
amplitudes of the crossed channel, ‘fi(t) , are expanded in partial
. 7,8
waves in the form'?
~ - KR f~~ ~\,'—T [V =3
L. = = .+ L) WUIF_(Z)
A i'_‘ ~ N ! 00 i -J( ’
L J
“t T
£o= == 3y (27 +1)f) ()P{z)
< 7, .Ll o}
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nd P, are the c.m. energy and momentum respectively, and
[ . (A . R

=
0
]
]
<
r

o

4 +

7 is the codsine of the c.m. scattering angle in the t channel,

[aV]

o]
They may be expressed in the form, P, = L/L(t - n") | 1EE

N =t/bh,

,) " -
and 7 = (2s/n“-t) - 1 . The transition amplitudes between the

ssed channel are represented by

oossible R-H states of the cro ,
,.,J‘ " : . J z j ,.,'J J - . )
100(») , fll(u) , fgz(t) , ng(t) , and f33(t) - The indices

indicate the states between which th

=

e . i e s - HsT,9
is shown in more detail in Teble II. * *7

The states |0 > and |3 > are conserved; |0 > is a singlet
state and does not communicate with the triplet states and |3 > does

not communicate with |1 > and [2 > because of P conservation,
4 B - 1 . . . P [ -
On the other hand, there is communication between the states |1 > and

f2 >. This has the {following implicat

e

{

on: in the Regge pole model it

is asswned that the scattering is governed by simple poles, and if

ct

his is the case, it can Ve shown that because of unitarity the

o1

elation

-r‘J s .ﬁ‘J + .‘-J < ) P
120508~ 7 (e) (11
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\ g - .. 10 X s s . ‘
should be valid. Thercfore, the transition probability between the
states il > and ]2 > 1is determined by this equation.
. . . PR o]
The quantum numbers of treajectories relevant to HN-N scatter-
ing are given in Table III. The compariscon of Tables II and III shovs
, ; . =
that trajectories of the type Pt =+1 , 5 =1 == e.g.y, F 5, 2",
w, ® 4, p, ani R == are asscciated with the transition amplitudes
fll" £,, s and 512 5 trajectories of the iype Pr =-1, 5 =0 -
oy N
: ) - . -0 ) . e s ‘o o~ 2
@.5.9y m s, n o, and X -- are associated only with £y » 2nd
trajectories of the type Pr =-1, 5 =1 - e.5., A, -- are asso-
. e
cisted only with f33 . Ye will be mainly concerned with trajectories
. T
of the first type, and for them, ©..(t} = _(t) =0 .
00 33
The transiticn amplitudes given by Eg. (10) are defined for
. .
integer J values. Therefore, they will have to be analytically
2 Regge
: <
v
2 : -~ [y S
fl = —-?_(’50’)“0)“ s
-t |
.0 "
f/\ = ‘:E;*.-(J:’)‘:’ Ed (l“:)
< LA
5 j 2
&, .0 G o a o=l
£, o ooy ()] 2+ =5 (2 - gy (t)e o (297
* ~ S 65 'w(b) 1 \ 42 L - L o) v/a 267 [ J *
) ‘}"*f.')r:—t L 3 L S99 ‘;,:2 ) 22 ad .(.';
.‘C/ -
" G0y ¢! -0 d ,,.a=1 v
T, = - GBas (U =2 ) + == (7 - Lgas{t)a (z777)
L ),_’ . ©22 G7 / e (z7) g"33\ ) a7 v” / ’
i -3¢ (e ¥4 ~
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been

&2}

where, in addition, the asymptotic behavior near t = 0 ha
factored out and the Legendre polynomials have been replaced by
their leading term. Some of the factors that appear in Eq. (10)

have been absorbed into the functions goo(t) , gll(t) , 522(t) ,

glz(t) , end g _(t) , which are the residue functions. The total

33
angular momentum has gone into a(t) , a complex function of *t .

v

The factorization theorem, that is, Tig. (11), here has the
. 1 .

equivalent form ' .

5 the real and imaginary
part of the anplitude is contained in the signature factor g , which
] o N o . .

in Igs, (4) and (12) has been factored out. sweption has its
origin in an analopy with potential scattering, in which, under certain
ceonditions, it can be shown that the residue functions are real ansliy-

s 18 e . T t ot n e -
tic functions. If vhis essumption is valid, g, as defined by Ig.

k)

(4) is & scalar function of s and % .

For the trajectories for which we will be mostly concerned

here -- that is, 2, P' |, w, o , and R -- Bg. (12) becomes
= 0
3 = \/
bs : :
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o g
f. = §.5.,(L,5)2
“2L 11T ’
4 aI_’B ~
o —_ O ’ -~ A 5!
f.. = = C.oan(L,t)a (e, - 1)7 (14)
3L y_a ., L2z e L'L ’
EINEE V]
-
. v 5 o, =1
o~ — - . ) L
T T Subpplletle 2 ’
hm -t
S -l ,
~ - L
T, = =g, (L,t)e 7 .
5L 12 L
Up to now, we have given the prescription for obiaining Gf R
do/ét , =and P , orovided that £he trajectories and residue func-
tions are known, buit the case is that nothing is known adboul the residue
fudctions for t < C and very little about the trajectories. 3But,
there exist experimental data for p-» , »-p. , p-n , &nd P-n total
cross sections, for p-p and T-p differential cross sections, and
for wvp-p polarizations, and we will use these data to inguire phenom-
enologically into the Funciions aL(c) , 511(1,*) , and 622(L7u> .
This will be done by asswning convenient parsmetric forms {or these
Tuneblons and taking sets of experimental points
sions of the type
D
2 ‘r th exp |
’ [~ ) { e~ a. ] .
G, b : - a1 w2 [
, O R - ] { £ n? n)
' - * o & v N .
i 4EXD ”
Error o, (5 ,t )J
n’’n
¢
€
ﬁ
-
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(9

2 -
o th io exy o sth rdo exyp
. 4 ’ P - ok 4 &
[ t(sl’tl)] ['d_f(sl”l)] b oeee & [B—t'( ey {C‘c\sm"’m)]
' . exp exp
rO A £y
Error [—E{sl,tl)] Error {.L S s ‘)]
' th exy 2 th exp
[P(Sl’tl)] - [ (51’4“1)] . [P(Sz’t.a>] - [P(Swtz)}
exp exp
Error [T(sl,tl)] mrror {D(SQ,tz)]

where the superscript th stands for the calculated value and the
superscript’ exp for the corresponding experimental value. The mini-

mization with respect toc trial residue functions was carried out by

. 213

the variable metric minimization method and with respect to trial

. 3 s o 1
trajectories by the method Conser.”

e

The o{L,%) paranetric forms adopted were straight lines and

-~

trajectories with curvature., At least mear t = 0 , the trajectories

are expected to behave like straight lines with high slcpes. In this

way hey may. pass through know article poles a intercepts. h
vay , thev may p through own particle pol nd intercepts The

e

form most extensively invest

.

gated was
Toa - e o1 ya N2 ' oy
a{L,t) = a(L,0) + a(L,1)t + a(L,2)t . (16)

vwiere the parameters to be determined are the coefficients, except

r from another source,

Q

where already hnown from 7w-i scatiering
In order to preclude the existence of particles of negative
mass, the residue must vanish Tor the momentum transfer for which the

corresponding trajectory passes through a meaningful J value. This

condition was imposed.
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The parameterizations of the residue functions most extens 1ve¢v ’
used were of the type
2 'y T\ i -2
- - - 2 o IR { 3(2,L)u B()l,b/("‘—u _') “
('.' - (1 -) J')<2,]J)t OLI ..‘( ..) - OLJ
£11 L,t) B(1,L)e + — — LJ 1,L)e e _ -
, dm -t OL ,
.4 o
T ' G(2,0L)%]" (- : ' / ) S
goe(n,t) = {G(.L,L)e ’ Fla(L,s)] 7y -
- ’) ! ‘e . -
where TFla(L, t)] {a(L,t)]° for trajectories of even sig ture and
- . 2 . e
Flu d,u)] [ L,t) + 117(0.12 + t) for trajectories of odd signature,
The adjustable paraneters' of gll(L,t) are. B(1,L) , nB{(2,L) ,
and B(L,L) , and those of gqg(L,t) are G(1,L) , and G{(2,L). .
2 .
The momentum transfer at which the’ g,l(L,t) residue function is com-
pelled to vanish is tOT , Wwhich,. for trajectories of even signature, :
AL ‘
i
‘

[£23 X d TS Y K ~ Ll Lt FRe I . 4 A 1 o
This wiil be seen in Gecticon IV. The o4 tL,t} funcliions vanisn.ad .
L1 i

<Y 4. Vaer Ly A ad EE X -~
Lne [ s thie frnetorization condi 10O, L. \J..‘)). :
193] v

;




B, Charge-ixchange Scattering

In charge - exchange it is possible to have the contribution

of. trajectories of isosnin 1 or greater, and of the trajectories

4 -
b

the -l  case, »p R and w satisfy

o]

that can be exchanged i

g amplitude éi(pn ch ex) . is related by general isotonic spin agruments
to the difference between the ampliitudes for elastic p-p and op-n

b 3 < - Fad ~
scglitering in the Torm

. (on ch ex) = ¢.(0,2) - ¢,(3,
i~ 1 : 1

This equation is now written in terms of the individual trajectory

contributions with the nelp of Eqs. (4) through (3}, and in

one ohtains

fow, taking intc account G parity conservation, Eq. (9),
and Eq. (19), one obtains the remaining amplitude, c.g.,

¢i(§h ch ex) = L(gp + l)cp¢:p(l,2) - M(2ay, + 1)r 0

—~
=]
co

—~—

==
\O
——
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The total cross sections, differentizl cross sections, and polariza-

1

chese

[}

tions for these processes can now be obtained by introducin

amplitudes in Egs. (1), (2), and (3).

‘-
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III. TOTAL CROSS SECTIONS AND RATIO OF THE REAL TO

TERE IMAGINARY PARTS OF THE AMPLITUDE

Ve soon realize the convenience of considering first in some

detail the situation at zero momentum transfer. Here, the results

.

are expected to be . more important and meaningful; there is more experi-
mental and theoretical infofmatiop in the forward direction than for
ény-other t wvelue, and any conclusion depends,fér each trajectory, only
on the values of a(i,l) "and gll(L,O) .

The nmost accurate and abundant +t = 0 data are the total cross
. : » ‘

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

meters «(L,l) andé g..(L,0) . Then, we have used these values %o
b Jll b} ?

\

evaluate forward direction quantities for which some data or deductions
. e ds ', ‘ . Y :
from experiment exist, such as — {t = 0) and the ratio of the rez
i3 s a

to the imaginary parts of the amplitude.

been put on the energy range above 6 GeV/c

this reason, we have used the total cross section data in the energy
range 6 to 22 GeV/c.

The trajectories P , P', w, p , B, and ¢ are inves-
tigated in the forward direction. 'It.is found that P, P' , and w
are sufficient to account for o (pr

to account

the ot(pn) - Gt(p*) and ot(fp) - 0,(Pn) differences. The ¢
Y

trajectory has the same quantum numbers as w , but it is expected

to be of less importance because of its relative position in a Chew-
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) = Rea(@,mi) , and m,_>m .

Frautschi diagram, where we have Reu{w,m " o

-

2
W
Because of this, we expect to have «(w,0)

> a(9,0) , and if in addi-

+tion one assumes that

(w,0) %2 g.,(e,0) ,

£

one finds that the best £it to the data is obtained for of9,0) << 0

or

egquations, the total cross sections can he written in terms of

trajectory contributions,

31(p) - 30(R)]

Camn}
o]
s
g
]
=i
o
~—
- 13
>
oY
*.
A
+
My
=
Ly
|~wJ
-
'
>
Py
£
S
+

O
(21)
6, (Tp), = ImlA(P) + A(P") + Alw) + Alp) + A(R)] ’
[
o.(Pn) = In[A(®) + A(®") + A(w) - 3A{0) - 3a(R)] ,

s

where ImA(L) gives the T +trajectory contribution. The correspond-—

s

ing plus or minus signs of these contributions are shown explicitliy.

The o,(pn) - c.(pp) ané o, (Tp) - ¢,(Pn) . differences depend on
v v v [}

and R , according to

Q
PanS
9]
(@]
g
!
Qa
ct
-
.
wl
:
N
i
4
[
=
Ty
=
I
per
Py
e
_—
*.
~—
o
i
o

Rl




L AP & (N cq s
determined.” Therefore, provided that

p-n and DH-n charge-exchange

t is known from expédriment that these differences are small

one concludes

that the o and R wre ‘small compered with those of
r, P', and w , which have to account for the large valuces of

The forward direction p and R parameters are subject to

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

the high energy process # + p + 7 + n , from which the p trajec-

oo 16 . ' i
tory has been determined; (c) similarly, the R trajectory dominates

' - o) v X :
the process 7 + pnp-=+n +n , from which the R trajectory has been

¢ R are indeed the

je
o)
[
o

0y

main contridbutors to the processes just mentioned, the p -and R

$-s

paraneters at t = 0 could be deltermined from a simultaneous fit to

cattering, and to the Gt(ﬁb)

1]

-6, (Pn) and o {pn) - o, {(vp)
v v v -

qe s
HE I Ak ad

ifferences, with trajectory inter-

o

oregoing dis-

h

cepts in agreement with {(b) and (c) above. From the

™
ERY

cussion one concludes that the p and parameters in the forwvard
direction may be determined uniguely. lowever, the existing experi-

mental data are subject to large errors, in particular the ct(fﬁﬂ

and P-n charge-exchange data. Accurate determination of these

data would allow a test of the o and R model, for which the relations
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residues of P, P' , and w - are equal, e.g.,.

‘

(P,0) =~ (P',0) =~

€11 511

817 (w,0) . : (2

If various trial wvalues of the coupling, g5 , are. assumed,
and the best ' intercept, u{w,l) ,  is found, one obtains the re-
. . : . 2 . .
sults shown in Tig. 1.  Here we plot the- ¥ per point and the best
' : 2
w intercept vs g . The best fit is obtained when g =~ (2.64)°
and a(w,l) =~ 0.5 . Using this value for the w intercept and relax-

2L}, we find that the best fit: is obtained

2D
.
Py
™
o

ing the condition of kg

vhen g (P,0) = (2.h8)< , - gll(P?,o) =~ (3.05

,
(2.70)° , with a x° per point equal to 0.13 for the T-p and

.
-p of data of Ref. 15. In both cases the existing data are well

The results just obltained remain essentially unchanged.wnen

sl
ey

o

the p and contributions are include The parameters correspond-

. . . . - e - e\
ing to these contributions are obtained from a fit o the 17-(GeV)
20 i '
p~-n charge-exchange data™, which are found to be in agreement with
the p=-p, p-n, v~p , and D-n date of Ref, 15, The values ob-~
c 2 < 2
tained are 371(9’0) =~ (g,54)° ang 5},(”,0) =~ (0,78)° .
- ———
In Fig. 2, we show the resulis obtained under the assumption
;'\ B
of equel T , P' | and w coupilings., In thic caze the ¥~ per
point is ecunl to 0.7 for the p-p , T=p , p-n, and T-n data
of Ref, 15. The calculated p-» and T-p total cross sections witl

different ¥ , P' , and w couplings are shown in

~—
&

Fig. 3.

i
1
H
i
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The following conclaolons rnay be derived. The p-p and
- . ‘ . e e a T -
D-p total cross sections abvove 10 (GeV) are reproduced very well
by a Regge model that includes ectories ? , P', and w .
The resulis show that the present experimental high energy is out-

the asymntotic one-pole approximation.

.In the low-energy range, all the calculated cross sections

]
o

tend .to increase rapidly below 10 (GeV)™ . ”hlv contradicts th

behavior of experimental o, (pn) , hlcn, on the contrary, tends to
[

decrease at 9 (GeV)“ . Also the experimental o, (pp) Dbegins
1%

Our results are not in agree-

. . N N o o s
ment with an earlier fit of the o, (pn) - ¢, (pp) difference,” which

was made without the o, (pn) and o, (¥n) data, which are nov avail-
. . . [¥]

able., The ins nvllcslility of the Regge model in the low-cnergy

channel may be Important, and apparently this is the case in p-p

and p-n scattering. The' ¢, (¥p) - o,.{Th) difference scems in
|V [

ct to very large errors and haence it is difficult fo arrive at a

definite conclusion.
The calculated cross sections in the highe-energy range provide

4.3 o - AR S PN St 4 4 - 1. wprinmny e o e 79 - LRSS 4 4 b -
n estimate of the proximity to the asymptotic limit. This is shown

energles are re-

-, s -~ S o+ vy 3 vmogn 3 3 ~e ) 1 £ 5 e 3
wxrerimentol deterninations have weoen made of the ratioc of

<

the real to the imaginary parts of the amplitude, R = Re(¢. + ¢.)/
: : . 1 3
~g . o1
. - \ . ) - - oa <O oo ay
(%, + ¢.); for some R{pp) points™ and one R{pn) poini. With
1 373 i : - k2 E

i
i
i
i
i

e

i
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) . .
the parameters g = (2.64)° and a«(w,l) = 0.5 found first, we have
calculated these ratios. The results, shown in Fig.. b, are in good

4

. . ey e s exy
agreement with experiment, which indicates that R(pp) = =~ -0.3 + 0,1

3

here are no experimental R(Tp), and R(Tn) dJdeterminations. Hcre,

(o]

ur calculated,ratids indicate that the P-p and T-n amplipudesvin_
the fofward di;eétion are almost pure imaginary beéause éf an almost
complete cancellation of the P' .contribution to the real part by w .
This is in contrast to the p-p and p-n amplitudes in the forward
direction, ﬁhere therc is an almost complete cancellation of the P!
. 4+

contribution to the imaginary part by w .. Our conclusions are at

X ) 27 .
. PRI . . & PR . .
variance with a recent work, which predicts a larger percentage of

" the real part for R(Tp) and R(Tn) .

With the same parameters, g = (2.64) and a(w,l) = 0.5 ,
we have calculated p-n’ and P-n differential cross sections in the

forward direction, shown in Fig. 5. The p-p and p-p cases shown

y cashed lines correspond Lo calculations exclusive of the Couloubd

o3

interaction., IBExtrapolations of experimental differential cross

sections seenm in agreement with these resultis,




Because of the asymptotic conditions in the forward direction, o

?

the contribution of the gz,,(t) residue functions is zero in this
a4 . .

[¢]
o
1423
)
w3
-3
e
ot
o]
ct
e
(¢}
o3
0]
1
{

direction. This can be seen in Eq. (1k4), where th
havior is explicitly factored out in each-of the axp¢1uuues. Conse-

unction glq(t) , because : o

«

o]
;f
0]
,S
ct
)_.l
(=
-
&
B
142]
"‘Q
._:
WS
142]
ct
a1
o
0]
o]
]
¢
o
1
[¢]
m
e
jot
vl
D
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of the factorization condition, Eg. {13). Fevertheless, at the region

be &ifferent from zero and all S

ct
A
o
-
m
-
]
ct
=
4]
H
D
&)
[
(o]
£
o
h
(99
3
0
ct
e
Q
o
(0]
=3
0
\
[e3
4]
2

must be taken 1nto account.

The fact that the residue functions, goz(t) ~and - gl°(t) ,
. ) . . < <

contribute for t < 0 complicates the calculations considera®bly, he-

cause then it is necessary to include the complete spin structure of

. co . 20 . .- o
the emplitudes.” The physical constraints of w

,.,
[s
ct
[
2}
™
ct

&

-
-y
£
9]
ct
O
2
‘._l
1Y)
f

1

tion, and the assumption of real analyticity of the residues continue

o~

tc held as for Section ITI. Therefore, while fitiing the data, we

i AR e e i s

enjoy no more freedom in ihis region unless one relaxes one cor ncre

- 3 + vy 3 .- N S T P/ -~ - sy ar b oy e o 4 3
rsical consiraints, in which case the data may be satisflicd

in variocus ways.
In the case t = 0 , wé relied on the most abundant data, e.g.,

total cross sections, to obtain in

i
i
i
¥
.
i

the optical theorem and the fuct that in the Regge pole theory all

is contained in the signature factors, which are known. TFor ithis ;
2]
P - [ote]
reason, we were able to calculete immediately — (t = 0) and R(:t =0) =
[§ b :




¥

" semilogarithmiic scale. The slopes of D-p and. p-p are very differen

For t+ < 0., we rely on do/dt and P +to obtain information

oY

on the trajectories and on ng(t) and g22(t) 3 glp(f) is obtained

-

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

-1.0 <t <0, do/dt has a constant.slope vhen plOutod vs % on a

- - i
v

. . 29 sAsas .
about 15 and 6.6 respectively.”” 1In addition, they intersect at

Yh

ormation

=N

n:

ct

. ~
. . . . . - <. -
an invariant moment transfer of about -0,15 {GeV)“. This

is found to be of importance in the determination of the behavior of
the residue functions.

Fitting the data, one finds that the function Ull(t) is most

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

hand ggo(t) is found to be relex vant to phenomena such as polariza-
~

[y

tion, which is high at low energies and becomes negligible as the

energy. increases.

The physical condition that the gl,(t) residue must vanish
o .

for the momentun transfer for which the correspon ding trajectory peasses

Cy
[
ot
&}
(]
2]
[
2]
0
Yt
o

through a physically meaningful J value has been imposed,
that value of t , by cancellation of the two terms of Zg. (17). That

(t) residue is not accomplished, as it

&

is, the vanishing of the
is usually done, by means of either the factor o or o + 1 ., In this

form we avoid constraining the behavior of this residue when a trial

trajectory is chosen asymp

m
X
—~

. ; . .  ten 2
5 t) in these points is accomplished by the factors « or (a + 1)

wecerding to whether the trajectory is of even or odd signature,

[
Re

}s
N
jo]
o
Q:
—~
o]
—3
s
U

The determination of the parameters of Igs. (

-~ .« ~ . - — 4.

nade as indicated in Section II. ¥We use the p-p and P-p differential
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el

“d
L]
=5

cross-section data of Ref. 29, and the p-p polarization data of
30. The calculations are restricted tc energies in the intervel 10

) o\ 2 . .
to 50 (GeV) &nd to momentum transfers in the interval O

(GeV)2

Similarly as for t =0, the p-p and D=-p scattering is
essentially controlled by P, T', and. W . The p and R contri-
butions are, in‘compafison, smalll Therefore the p-p and Dp-p dat

are studied with 7 , P' , and w only.

Ve ﬁave noticed after numercus trial calculations that the
best fits tévthe data are consistent with the assumption of straight-
iinevtrajectorieé, or trajectories with small cu*vaure. In the same

form, we find that the physical constraints that we have imposed are
very strong, in a sense that if we consider accepitable solutions only

<. «: wrey e J .- Iz
arameters may vary only wi

those with a reasonzble ¥ , 1then the

in narrow limits. Within this crlverloq, we find that for sitraight-

-2

< a'(P) < 0.L(Cev)™ " , 1.1(CeV)™ < at(P') < 1.h{gevV)™® , anad

>

~
g v - \ - -2 - ) . : I
C.7(GeV) < a'(w; < 0.2(GeV) . In Fig. 6 we show a set of straighi-

Line Lrajectories Tor which we Tind good agreement. The particles
with wh t1 ar 35i01lv associated a 114 TI: ~t i
WilLIl Wi cn ]ey are :)OQO.LO N7 associacted are &Ls0 10V, J-A-SL eceion

tion of the P' trajectory with either the particle pole £ (1250)
(v}

. ~ - ey \ . : . . — -

or F'(1525) . The asscciation of the T trejectory of Fig, O with

£,.(1250) seems less plausible, since the trajectory slopes arec ex-

n
v

rected to decrecase eventually in tnis region, Ilsvertheless, this is

line trajectories, the slopes are confined to the intervals 0.25(GeV)




not a real impediment, since the trajectory could first increase, then .

after reaching the particle, decrease.

Tor each set of trajectories, there is a set of residue func-

Yy

tions that give the best fit. In this form, for the trajectories o

Fig. 6, we find the residue functions specified by the parameters o

.

Tabvle V, also depicted graphically in

.

ular calculation, we obtain a x  per

We would like to note at this point that the do/dt and P

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

n

tatistics. Therefore, one should not consider. the solution given by

Figs. 6, T, and 8 as unique, but as one that typifies the behavior

) 31

of trajectories and residue fTunctions. Besides, the model used in

1

this interpretation is 2 simple one, which neglects all the low=lying

dues of P!

[N

trajectories. The slight intrusion of the (P',t) res

€11

ind Fad
4

into the negative side of the plane, is interpreted as tious and

e

ict
due to the simplicity of the model.
With the parameters given above,. we have calculated the p-p.

and  Bep. differential cross sections shown in Fig. 9. Ve notice that

the calculated Pp-p differentiel cross sections show almost no shrink-

age as compared with p-p.. These characteristics are in agreement

with the experiments. In this model, the negligible ©D-p shrinkazge,
"~ i '
. - - wry € - . .
notadly for t < 0.3 {GeV) , secms connected to the following cir-
cumstances., The residue g, (P',t) of P' is very small in this
il Y :

region, and there are appropriate cancellations and compensations be-

h

tween the P and w contribvutions to the real and imaginary parts o
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the amplitude at different energies. The P' trajectory crosses the

- ' 2
axis, « = 0 , near t = -0,6 (GeV)~ .

The slope of the calculated TP-p differential cross sections

in

shown in Tig.

O

seems smaller than the experimental slope. This can
be attributed to the limitations of the model. In particular, the

perametrization of the (t) residues, by means of a difference

€11
of exponentials, is inadequate to cover well the interval 0 < ¥ <

2
-1.0 (GeV)“® . TFor the set of itrajectories of this sample calculation
. 5 . . ekt . e . o 2 .
gher slope can be easily obtained but with a slightly x per

o)
o
,_J .

-~

point. In the particular fit shown in Tig. 9, less importance is

given to the T-p data by fitting only a few of ©

The calculated p-p polarizations are shown in

.
. o]
. - . . ~ ey £ N .
slight depressions around t = -0.35 (GeV) seem to be fictitious,

due to the limitations of the model. The calculated DU-p polariza-

. . ne e Ne s , oot x - o s
tions at 10 (GeV)“ constitute a prediction of the model. They indi-
cate that the P=-p

to these of p-p . but of opposite sign, e.g., the scattered particles

T S, . - - U - o BRI 5 e A A
maximun angular p-p polarization, F , wilich takes place around
S nax
- 12 30,32
w 3 - Lo - vy 4o - ~ T To2 e 3 .
t & ~0.25 (GeV)® , and.the inveriant energies. In Fig. 11, we
L. v . - D T R - P A, anrp e Y
snow the ﬁwav values calculated with the present nodel, Cowmpurison
rax
vt 4% i P R . I P N T H P e R - o
s1tn experiment indicates thal the Fegsze model gives the correct be-

'
o

=

celculated

polarizaticns are abcout equal in megnitude znd form

]
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'V, THE p-n AND T=n CHARGE-EXCHANGE SCATTERING AT SMALL ANGLYS

The slope of the p-n charge-exchange differential cross sec-
tion is unusually high in the interval of momentum transfers O
v f) . - - i . =~ :
-0.05 (G e ’)° , then becomes of about the same magnitude as that o
19,20
.

pP-p By use of the data of Ref., 19,.it has been shown

these features can be reproluced by a o' and E rnicdel of the follow-

~ing characteristics: a p trajectory of high intercept and large

slope; aﬂ R trajec 4 ory oP low in'crcept and small sloge; a Tast=

decreasiﬁg o residue, gll(p,t) ; and a sl w—decreasing R residue
: ' !

gllﬁR,t . This simple interpretation is in agreement with the p and

R trajectory deﬁerminations from w-N scattering, the apparcent

3 ;independence'of the p-n charge-exchange slope at small angles,

nd the comparatively small TJ-n chafge—exchange slope.

Wé use this procedure and the trejectories alp,t) = 0.6 + 0.87

0.35 + 0.35t to f£it the . 8.0=CeV/c data of Ref. 20.

shown in Fig. 12, The data poinits are not

J

-~ ' - Y 1 . .
because they are very numerous, but the of 0.94 obtained is

nroof of a 0é fit. Thne method followed works as well at 8.0 GeV/c

gs at 3.0 GeV/e.” The parameterizations obtained here are slightly

-

different from those obtained at the lover energy, but the general be-

-

havior of the residue functions still preveil The singularities of

2y SN N e ey b - 3 arrnds ey S - - -, m 4 .
the direct channel and systematic errors of the experimental measure-

-

ments may be cited as possivle causes. The discrepancy is noticed also

,..
ct
I
D
H
[o]
o}
pet
o]
b ]
o+
£
1
ct
H
]
:S
n
"‘)

er, where the « ~trajectory, which was ignored,

does not contribute.
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We show also, in Fig. 12, cazlculated D-n charge-exchange g

. . . 2 :
differential cross sections at s = 20 (GeV)® . The slope near the ‘
v : !

' 2

forward direction is small, 5 it is et - 7.5 (CeV)™ . "
The residue functions obtained are shown in TFigs. 13 and 1k. , :
They are equivelently ziven by ©Bg. (17) and the parameters of Table
VI, Of these, B(l,p) and B(1,R) are used in Section III in the
calculations of totsl cross sections. They give a2 smaller OL(§b)
- ot(ﬁh) difference than those obtained from a it to the 3.0-GeV/c
data, and for this reasorn, they are preferred. The residue functions
obtained from this it have more meaning near the forward direction,
_ , _ . 2
where the 502(t) residues do not contribute., Tor t <€ =0,1 (GeV)
o B
the data may be satisfied in various ways according to the values that
1 + 3 i) av hav Tere
gll(p,t) , gll(R,u) , g22(p,u) , and ggg(n,t) may have., liere ve
do not have polarization data in addition to do/dt to restrict this
freedom. Therefore, the form of the residues obtained for t 5 -0,1
2
(GeV) ﬂay not he very meaningful., Hevertheless, there is indication
that the residue Tuncticns gpg(p,t and gze(R,t) nsy be large, as
indicated by the large value that the g,,(p,t) residue obtains
[ <o
These two residucs z2re associated with the
scattering, the gzp(p,t) residue
g R,t in T+ p->n’ e
S~rm\ite b n i LA 4
bzt . '
L b 35 T e Yy oy 4
residues are large, and that
for small unomentun translers.
assumption of real analyticity of the residue when Gjl(p,t) changes -
sign, so also does 592(t). Since this nappens atv about t = -0,1 ' : .
[ B

(Gev)® , +the asymptotic condition and this statement imply that




‘fact is in agreement with the residue functions found for o and with

v

UCRI-

‘_)
T
(%)
}‘J
(o]

C

geo(g,t) must be small in the t interval 0 to -0.1 (GeV)® ., This

ol

] e

the mechanism used to describe p-n charge exchange at small angles.
It is possible that the 7 <trajectory may have an important

e | " . 2
contribution at momentum transfers of the order t = =0,5 (GeV)

nd this nay be connected with the fazct that, when the data are fitted,

o

g ~(0,t) Dbecomes very large at about these momentum transfers.
Thev ggg(R,t) residue, according tc w=ln scattering, is large.
This is at variance with the result found here. There is the possibdbility

that some cancellation with the p contribution or other trajectory
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VI, COHNCLUSIONS

L-8,10,12 . . .
#7Y97S takes into account unitarity, the

The method used
complete spin structure, and the factorization and reul enalyticity

of the residues. It is a method in which only simple pole trajectories

in the creossed channel are considered. It does not consider singular-
ities of the direct channel nor possible branch cuts.
The trajectories P, P', w, ¢, and R are used to

ccount for -existing experimental data, wnich includes vot&l Cross

sectlons, differential cross sections, pclerizations, and ratio of
i .

pie

the real to the imaginary parts of the amplitude. Good agreement is
. K P
obtained for processes in which P. P and © are the main con=-
9’ s
tributors, and apparently poor agreement at low energies for processes
in which p and R are the main contributors., Hevertheless, the,

p-n  elastic and P-n cnarge— xchange data are scanty and subject to

rge errors. ‘ore accurate measurements of them will decide whether

..

the p and R model used to describe them here is adequate., There is

consistency between the model and all the exis t;nr data if the lower
energies, s £ 10 (GeV)™ , are excluded.
When fitting the dava, one finds that the physical constraints

mentioned above are very restrictive, and if, for example, the assunp-

k]

by

,
-

ticn of real analyticity of the residues is ignored, the data may de

4]
ct
=5
o
ct

satisfied more freely., It is the full use of the coanstraint

pernits the specification of the behavior of residues and itrajectories

given here.

s gy

B
H
|
H
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Teble I. Trajectories assumed most important in high-energy N-I scattering.
Possible Possible *
Trajectory Designation  Association Association J -
ilame () With the Vith the Parity
Konet 27 lionet 1- =
Pomeranchuk P fo(1250)? even 0
igi » Pt £1{1525) even 0
w 0 w(783) 0dc¢ 0
0 0 o (T60) odd 1
Piznotti R Ap(l300) v , even 1

.~

Table II, Partial transition amplitudes between the -l states of the

crossed t channel.

Singlet (s = 0) Triplet (s = 1)
Pz ; -1 PT = +1 v Pt = =1 !
J =1L J =L +1 J=1
State 0 1 2 3 ;
0 PNCS :
1 L‘.il(t) fiz(t) ,
2 £ () 1 (%)
3 £ (8)




&
-35-
Table III. <Quantum numbers of known trajectories that comaunicate
with the li-N crossed channel.
. :
Trajectory -
.j, v v Pt S T P _'_' [§]
, Name
P,r! + 1 + + 0 +
w,g’;) + 1 - - 0 -
o] + 1 - - 1 +
R + 1 + + 1 -
s - 0 + - 1 -
0 ' : : o
n,X - C + - 0 +
L L ST
1
.
Table IV. Estimate of the maximun contribution of other than the .
" Pomeranchuk trajectorieées at high energy -l scattering.
Tstimate (%) 1k .8 6 5
- P . S y ,
. - o
5 [in (Gev)®] 100 Loo 6o 1000
L 4

i
i
i
i
1
i
'
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T the residue functions of P, P', and w

Trajectory . : : , : :
L ol Ty B(2,L) 3(L,L) e - G(2,n)
BMLLT ((ee)2)  [(een)=2] S ((cen)-2)
P 2.48 1.15 1.2k 5.1k 1.37
P 3.05 1.03 2.0k 29.01 1.00
w 2.70 0.k9 1.11 11.2h 5.91

The t = 0 parameters are found in Section IIT,

Table VI. The parameters of the p and R residue fTunctions found for
the data of Ref., 20 with the asswnption of ulp,t) = 0.6 +

0.07t and a(R,t) = 0.35 + 0.35%.

Trajectory
L . B(2,L) B(4,L) . - c(2,1)
PO reen)®] (een?) T (e
0 0.5k 20.02 21.56 1.9k -5.3
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Fig. 1. Determination of the w intercept. Oraph of o(w,l) and

2, . . '
x"/point vs the coupling g , for the data of Ref, 15.

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

invariant energy squared s (with the assumption of equal P ,

P', and w couplings, and ¢o{w,1) = 0.5). Data from Ref. 15:

8

jole P-p .

¢ »-p 3 8O p-nj; o T-n

Fig. 3. Calculated P-p and p-p total cross sections [with g’l(?") ~
(2.58)% , &,,(P",0) ~ (3.05), g (0,0) ~ (2.70)% , and alw,1) =
2,40 s 813 F',0 3.05)7, 844 w,0 2,70 » and olw,l) =
. | _
0.5). Data from Ref, 15: © p-p ; B D-p .

Tig. 4. Ratio of the real to the imaginary parts of the amplitude in
‘the forward direction as function of the invariant energy squared,

s . Data from Refs. 25 and 26: B p-p irillova et al.; QO p-»

ct

ig. 5. H=ll differential cross sections in the forward direction as

function of the invariant energy squered s . The p-p and Dep
caleviations are oxelusive of the Coulord interaction.
Fig. 6. Straight-line trajectories, o(P,t) = 1.0 + 0.3t , «(P',t) =

lations,
Fig. T. The gl;(t) residue functions of P , P' , and w- found

-

for the trajectories of Fig. O,




Fig. 8. The gQO(t) residue functions of P, P', and « found
[ .
for the trajectories of Fig. 6 (with the threshold behavior
' ' ¥
included).,
Fig. 9. Calculated p-p and DH=-p differential cross sections as
function of the invariant momentum transfer + , Data from Ref. 29.
~ )
o p-p at 5 = 22.36 (GeV)" ;
C o
O p-p at s = 29.83 (GevV)“ ;
e\ -
o p-p at 's = 39,03 (GeV) .,
B p-p at s = 42,85 (GeV)”
¢ p-p at s = 48,01 (GeV)” ; ’
A .
—-— - e\
A T-p at s = 23,97 (GeV)™
- . R
A T-p at s = 31.67 (CeV)" .
.
Fig. 1C. Calculated p-p polarizetions at s = 11,08 , 13,00 , and
o ( ( \'\2 I ) oot 3 . 4+ denyen  d- o~ s
15.06 (GeV) , as function of the invariant momentuwn {ransfer v .
Data from Ref. 30:
o at s = 11.00 (GeV)"
0O at s = 13.00 (GeV)™ ;
Z \ 2
e at s = 15,05 (GeV)™ ,
The dashed line represeants caleuwlated T-p polerizations, with
. . . |2 |
this modecl, at s = 10 (GeV)"™ .
Fig. 11, Calculated nmaximun angular polarizations, ?ray , 4s funce
S ~
tion of the invariant energy sguared,
Fig. 12. The p-n charge-exchange Tit to the date of Ref, 20 at s =
Y 5 - e e X ; N s o
17 (Gev) and calculated P-n charge-exchange differential cross




4

Fig. 1b. The

~L3.
Fig. 13. The g,l(t) residue functions of p and R, obtained
1 .
. from a fit to the data of Ref. 20,

threshold behavior included) obtained from a fit to the datza 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.








