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ABSTRACT

From differential cross—-section data of ﬂtp elastic and charge ex-
change scattering as well as from the polarizations of the elastic pro-
cesses we evaluate the TN scattering amplitudes for energies between
1.5 and 14 GeV and momentum transfers between =-0.05 and -0.4A(GeV/c)2.
Our analysis starts from approximations of the amplitudes which are im-
proved by iteration, using fixed-t dispersion relations and the experi-
mental data. The resulting charge exchange amplitudes show a structure
consistent with the dual absorptive model, whereas we found no indi-
cation that tensor exchange is present. Although not used in the anal-
ysis our amplitudes give the charge exchange polarization and spin ro-

tation parameters in agreement with measurements,
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INTRODUCTION

It is well known that, assuming isospin invariance, TN scattering is
described by four complex amplitudes which can be determined up to a com-
mon phase without any theoretical constraint, if all 7 independent measure-.
ments at a particular kinematical point are available. Such an analysis
has been carried out by several authorsl_“) at 6 GeV/c and small momentum

transfers where this complete data set exists.

At all other energies there are always some measurements missing,
at the very least the A and R parameters. Therefore, in addition to the

incomplete data some theoretical input is needed to extract the amplitudes.

For many years amplitude analysis of TN-scattering was done in terms
of phase shiftss’e). This method is however limited to low energies up
to 2 or 3 GeV/c, because at higher energies, too many partial waves have
to be taken into account and moreover unitarity no longer constrains the
solutions since all partial waves become highly inelastic. Consequently,
the ambiguities of the phase shift solutions are growing with increasing
energy7). Therefore, since at higher energies unitarity seems to be such
a weak condition, the partial wave analysis should be replaced by an ana-
lysis in terms of the four complex amplitudes imposing tﬁe generally ac-
cepted properties like s-u crossing symmetry and fixed-t analyticity as
theoretical constraints. An analysis along these lines has been carried

8)

out by Pietarinen .

He expanded the TN amplitudes in terms of analytic functions which
have the correct s-u crossing symmetry and satisfy fixed-t dispersion re-
lations. The stability and the convergence of the solutions are maintained

. ‘s 9 .
by the use of a particular probability measure ) for the expansion coef-

ficients. For his analysis of the mN-data in the energy range up to 10 GeV/c

and for five different values of the momentum transfer between -0.1 and
-0.5 (GeV/c)? Pietarinen needs about 600 coefficients. It seems to us
that a disadvantage of his method is the use of one and the same expansion
in the resonance region and above. Probably this is the reason for some
wiggles which his amplitudes show at high energies. (See for example
Figs. 1 and 2,) Furthermore it may turn out to be difficult to find a
suitable starting solution which is an essential condition that the mini-
mization problem in this high dimensional space can be solved within a

reasonable amount of computing time.
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In this investigation we also perform an amplitude analysis for TN-
scattering within the scheme described above, but we use a different
method. We think that this work is necessary because of ambiguities re-
sulting from statistical and systematical errors of the experimental data
and from the incomplete set of existing data. Furthermore, the above
mentioned behaviour of Pietarinen's amplitudes at higher energies should
be checked. '

The starting point of our analysis is a zero order approximation of

() )

the invariant amplitudes C and B*’, These are improved successively by

iteration using fixed-t dispersion relations (DR) and the experimenal data.

The method will be described in detail in the next section. As a zero

0)

. . . . . 1
order approximation we use the model amplitudes of Barger and Phillips

which should not be too far away from fixed-t analyticity because these

)

. * . .
authors have used continuous moment sum rules 7, and also information

. . 11=14
from model independent studies of TN data ).

Furthermore, for the low energy region we use the phase shift re-
sults of Almehed and Lovelaces) and we make suitable assumptions concern-
ing the high energy behaviour of the amplitudes. Our analysis will be
performed for energies between 1.5 GeV/c and 14 GeV/c. The upper limit

is imposed by the existing data. The region from 1.5 to 2.0 GeV/c is
treated in the same way to study and,if possible, to overcome shortcomings

in the phase shift results.

The momentum transfer region of this analysis is 0 > t > -0.4 (GeV/c)?2.

At t = 0 the amplitudes were determined in earlier works of the Karlsruhe

11,14)
.

group The reason for the lower limit in t will be mentioned in the

the next sections.

Since we are using DR reliable results can only be expected if the

input, i.e. the experimental data is prepared carefully. Therefore we

**)

spent much effort on the interpolation of the available data in the

*) We found that the amplitudes of Ref, 10 are not consistent with
fixed-t dispersion relations and recent phase shift solutions5s®),

*%) In our analysis we have taken as a basis an updated version of the )
compilation of TN scattering data collected by Almehed and Lovelace ™.
Tables of our interpolated data and a list of references to the data
which we have used are available on request.,
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relevant combinations to a definite set of k- and t-values as given in
Tables 1.1 to 1.6. All interpolated data were checked for isospin con-
servation, i.e. we ensured that isospin inequalities hold. With expe-
rimental errors taken into account no violation of isospin bounds are

found.

We wish to stress that our analysis contains as little theoretical
input as possible, i.e. besides fixed-t dispersion relations and isospin
invariance we only make some assumptions about the asymptotical behaviour
of the amplitudes. Obviously, the influence of the assumed behaviour
has to be discussed. However, we do not use analytic expressions for the
amplitudes in the kinematical region studied by us. In this respect our
method differs from the model dependent analyses of other authors, e.g.

0)

Barger and Phillips1 or from the study of the C+-amplitudes of Hohler

and Jakobls). These models are generally high energy models, that means
that the analytic expressions for the amplitudes provide smooth results
and show no resonance structure, They can give at best mean values =--

if duality works -- in the resonance region. Therefore, such models must

necessarily fail at lower energies.

THE METHOD

In this section we describe the main features of the method we applied
to determine the TN-amplitudes. Specific assumptions and approximatioms,
which eventually become necessary and which differ for each amplitude,
will be discussed in the Sections 3 to 5, where the determination of each

amplitude will be described separately.

The starting point of our analysis is to construct a zero order
approximation of the mN-amplitudes. From the imaginary parts of these
amplitudes we compute by means of fixed-t dispersion relations (DR) the
corresponding real parts. In the evaluation of the DR we use the CERN
1971 phase shifts for the low energy region and suitable assumptions for
the high energy behaviour of the amplitudes. The new real parts obtained

in this way will differ more or less from the old ones.

In the second step we calculate from the new real parts and the ex-
perimental data new imaginary parts., These two steps are repeated succes—

sively, until a stable solution is found. One might note that after the
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first step in the iteration the amplitudes obtained are analytic but do
not necessarily reproduce the experimental data, while after the second
step the situation is reversed. In principle the stable solution ulti-

mately obtained will be analytic and describe the experimental data.

The iteration procedure outlined above does not necessarily lead to
a stable solution, but it may. Positive but not definitive criteria for

obtaining a solution are:
i) good zero order approximations of the amplitudes are available,

ii) the amplitudes for low energies as constructed from the phase

shifts reproduce the experimental data and satisfy the DR,

iii) the relevant observable is dominated by either the real or imaginary
part of a specific amplitude, This is, for example, the case for

*
the amplitude C(+) ).

Certainly, it is hopeless to find a solution with such an iteration pro-
cedure unless the system of non-linear equations that determines the
amplitudes is weakly coupled. This is, in fact, true for suitable combi-

nations of the observables in TN scattering for |t| < 0.4 (GeV/c)

Let us, at first, discuss the combination

.‘::;—' 4 A G, oG- ad G,
.G a_{-a_z. + 4 a—;j (2.1)

+
of differential cross sections for T p-elastic and charge-exchange scat-
tering, respectively. As can be seen from Egs. (A.2) and (A.3) of the

Appendix, only the crossing even amplitudes contribute to 20:

- 2 2 2
A= t/%M 1| & ATt/Hq 13" }

2.C = 5% Z X3 T ¥mr 7 - t/#M"

(2.2)

*) Since we are dealing with DR in this analysis we have to consider the
invariant amplitudes c(®) and B(*), Their relations to the observables
and other pertinent kinematical relations are given in the Appendix.
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. +)2 . .
Because of the factor t/4M? in front of |B( )I , the contribution to IO

+) . . . . .
due to B( ) is suppressed in the t-region under consideration. Moreover,

we use the approximation kIB(+)| = |C(+)| which is supported by the phase-

shift results for energies above 1.5 GeV and also by the results of

o 13 . .
Hohler et al. ) at higher energies. These authors have calculated the

amplitude

G+) ¢+) a4+ ¢/ tMeo (+)
A = C B v 3 (2.3)

16)

at 6 GeV, using the R and A parameters of de Lesquen et al. . From

these two results and from the assumption that they also apply in the

entire kinematic region under consideration it follows that the contribu-
. + . . . .

tions of A, i.e. deviations from our assumption, are less than the errors

(+)

of the experimental data, This assumption allows us to compute C inde-

pendently from all other amplitudes.

The next combination which we consider is

SP = "‘77'7’—{ R 4+ R d““—_{ (2.4)

where P, are the polarizations of the elastic processes. From the

formulas of the Appendix one derives the relation of IP to the invariant

amplitudes:

SP = lm(BYCT) +lm (BTCTT) s

The second term is related to the charge exchange polarization. It can be
neglected since its contribution is within the experimantal errors of XP,

This can be seen from a bound following from the assumption Py = 1:

=) ) s o
{'m(B - )l gTvﬁ df (2.6)
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+) RO

Therefore, once C is known, can in principle be evaluated from
IP. The relevant combinations of observables which determine the isospin

odd amplitudes are:

_ 4 G- _ dGw
Ae =3 { % -FS -

- t/?M M~ Ty 4+t e ) =) ¥
e LR(CTCT) g, RO R R (BB

) 7= ch?— 72 dG. =
ZQX ] ) g' = '+ at Jg
(2.8)

— o (Bg-)(:uﬁ!) + (6(+>C(-)*)

and the accurately measured charge-exchange differential cross section:

de, _ A= C/4M (e 1+ ¢/Hqg? 2 ) g2
o= L IO e Sk RTIRTI S

(2.9)

These three equations are not decoupled for C(_) and B(_). Therefore,

=)

we have to iterate them simultaneously using a DR for C . Nevertheless,

since IC(_)| << le(-)|(flip dominance) the C(-)
=)

contribution to AP and

contribution in the kinematic

)

dog/dt is small in comparison with the B
region under consideration. This means that B is almost determined
from experimental data alone without any dispersion calculation. We note

(+)

that the influence of B on Eqs. (2.7) and (2.8) is rather small;
therefore, the result for the charge exchange amplitudes depends essential-

ly only on C' and the 1.h.s of Eqs. (2.7), (2.8), and (2.9).

In the following sections we describe the details and results of the

calculations for each amplitude separately.
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THE CROSSING SYMMETRIC AMPLITUDE C(+)

. . + .
The determination of C was performed by using the once subtracted

DR:
a0
7? Ty 3 L+) ) 2v:l odv' lm C(-(r::‘f)
e Lv,t) 84--5/.,,;13?6“’:'{:) "'C(G,t) ’f‘—-_RT Ny T - v‘:.
Yo (3.1)

where Vo = U + t/4Mj; the crossing symmetric variable vV is defined by

S -u <
= 4 M = @ + -t;_]q (3.2)

and Fé+)(v,t), the nucleon Born term, is given in the Appendix, Eq. (A.5).

The low energy part of the integral and the subtraction function
C(+)(O,t) were calculated by a consistency condition and the CERN 1971

)

. 1 . . . . .
phase-shifts ’, Details of the determination of C+(0,t) are given in
Ref, 15. For our purposes the subtraction function can be well approxi-

mated by

(+)
Cto,t) = 490 + 440 ¢ [GeV™ 1] @3

2
in the region [t| £ 4(GeV/c) .

For the high energy behaviour of Im c* the following parametrization

was used:

()
[ C(p,t) = % 3 o Ebt R > 1Y% Gel/c (3.0

-0
I

where 0 = 23.25 mb is fixed by the total cross section data up to
60 GeV/c 17) . The value of b was adjusted at each t value separately in

order to join smoothly the high energy part of Im ¢’ to the upper end
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of Im c’ of our analysis. Since data on do/dt for T p elastic scat--
tering at 25 and 40 GeV/c are available [Antipov et al.la)] and charge
exchange amplitudes are practically negligible with respect to ct at

these energies, we determined the value of b by requiring consistency

of our solution with these high energy data.

. . . +
We started our iteration procedure by taking the Im C from the

0)

model of Barger and Phillips1 with modifications below 3 GeV/c in order
to join it smoothly to the low energy amplitude from phase-shifts at
1.5 GeV/c. With the real part of C' from Eq. (3.1) we evaluated Eq. (2.2)

BY| =

. + . . . .
and obtained a new Im C , taking into account the approximation k
= IC+

above until we arrived at a stable solution.

. Now we went back to Eq. (3.1) and repeated the steps described

Our results are presented in Fig. 1 and Table 1. We found that the
ct amplitudes reconstructed from phase-shifts are not compatible with DR
for energies between 1,5 and 2.0 GeV/c. The deviations from our solution
are shown in Fig. 1 for t = -0.1 and -0.3 (GeV/c)?. It seems to us that
the phase-shift analysis allows only a good determination of |C+| whereas
the phase has a rather large error*). By rotating the phase most of the
discrepancies could be removed.

In order to study the influence of the high-energy assumption on the

)

behaviour of Re C one can change the energy dependence in Eq. (3.4)
above 50 GeV [up to this energy Eq. (3.4) is in agreement with the exper-
imental data] to a constant or to a logarithmic energy dependence like
Im CE;)t) = k[81 + 0y lnz(k/SO)J ebt. The resulting correction to Re C
is les; than 27 at 14 GeV and even less at lower energies**).

+)

%) The same problem appears if the Saclay phase-shiftss) are used, This
discrepancy wa§ already noticed in Refs. 15 and 19. The results
of Pietarinen®’ also differ from the phase-shifts results in this
energy region (see also Fig., 1 and 2).

*%) TFollowing the ideas of Hohler et al. 15), 02 is taken from a fit to

the prediction of a(+) by Cheng et al.29,
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Based on this evidence we conclude that the uncertainties in our
values for Re ¢’ arise mainly from the low energy contribution to the
dispersion integral. Typical errors of our results are also shown in
Figs. 1 and 2. These errors, however, are only an estimate, since a
detailed calculation requires the full error matrix of the phase-shifts
which is not available at present, Our estimation of the errors takes
into account the experimental errors of L0, uncertainties due to the
unknown asymptotic behaviour of Im C(+) above 50 GeV, as well as the un-
certainties in the low energy contribution to the DR,

o 15
Our results agree well with those of Hohler et al. ) above 5 GeV

and, within the errors, with those of Pletarinen ), even though his ampli-

tude shows some structures at higher energies.

At t = -0.1 (GeV/c)2 we compared our results for C(+) with the ana-
lysis of McClure et a1.21). These authors have used the modulus repre-
sentationzz) instead of the usual DR [Eq. (3.1)]. Their results essential-
ly agree with ours; however, their amplitude shows structures at high

energies, which cannot arise from the data.

THE AMPLITUDE B(H)

(+)

From Eq. (2.5) we can calculate the component of B transverse

to C(+):

+) T
= ~ 2|

The experimental information as well as the phase shift results for B(+)

are very poor. Moreover, IP is the small difference between two large

terms:

> P =~ Im BYReCY — tm CURe B w.n

o

. . . +
For these reasons we were unable to find a satisfactory solution for B( )
by iterating IP and the usual DR for this amplitude. However, informa-

+)

tion on the second component of B could, in principle, be obtained

from a modified DR for which the input is proportional to ZP. A DR of
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this type was proposed by Pietarinena). However, this DR is dominated
+) ()]
(+)

by the high energy part of Im[B

(because of the unknown behaviour of A

which is completely unknown
) and it is not possible to get

reliable results by using this relation. Therefore in this investigation

+)

we confine ourselves to an approximation of B

(+)]

obtained from the assump-
tion k|B = |C(+)| and from IP which determines the phase of this am-
plitude. The results are presented in Table 1 and Fig. 2. This procedure

has found, a posteriori, justification in the following:

i) At 6 GeV our amplitudes agree with the ones of Ref., 13, that means
the R-parameters as well as all other observables are reproduced

within the errors (see Fig. 6).

ii) Inserting the imaginary part of B(+) in the DR:

(")
3] C+) 1 lm Btt’v't)
l = F LY+ oAw ;
Re 3 (v,t) B (Mt + 2 f Vit —pt o (4.3)
VO

(+)

with the low energy part of Im B constructed from the CERN 1971 phase-

shifts and the asymptotic behaviour

o B = ¢ = 9225 G

#72 (4.4)

we found consistency of our solution within the errors.

The uncertainties of B(+) do not affect very much the determination
-)*
of the isospin odd amplitudes because the term Im [B(+) C( ) ] in Eq. (2.8)

. (=) (#)*
is only of the order of 107 compared to Im [B C ] and because the

) on AG is suppressed by the factor t/(4M?) [see Eq. (2.7)]

)

influence of B

and thus would only change the results for C within their errors.
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THE CROSSING ANTISYMMETRIC AMPLITUDE C(-)

Once C(+) and B(+) are known, we obtain C(_) from the iteration
of Ao, AP and do,/dt, together with the DR for C(_):
o0
- <)
=) Vv — < ol V av' tm Cypt,t)
=Y . T omt) + EV 4 '
R(’,C(v,'t) A- € /pme B (BHT) 7 piE

Again, the input for the DR at low energies was taken from the CERN 1971
)

phase-shifts. For the behaviour of Im C above 14 GeV/c we assumed a

simple power law:

- - oL (t)
lm C7) = |m C°© )(1?&%;1‘:)(4‘? (5.2)

)

The optimal o was determined for each t-value separately from Im C
above 10 GeV in order to take into account to some extent a possible non-
Regge behaviour of this amplitude. More elaborate parametrizations for
the asymptotic behaviour were not tried since the experimental errors of

Ao are rather large,

The results for this amplitude are given in Table 1; for t = -0.1
and -0.3 (GeV/c)? curves are shown in Figs. 3a and 3b, respectively. The
widths of the error channels given are estimated from the errors of Ao
which should be dominant., Since DR are used the errors are correlated in
energy. The errors of the real and imaginary parts of the amplitudes are
also strongly correlated.

-) 23)

and energy de-

) ,

Our results for C show the A(2420) resonance
pendent zeros of the real and imaginary parts. The zero of Im C
which is strongly related to the cross—over point of the elastic dif-
ferential cross-sections, moves from t = -0.08 (GeV/c)? at 3 GeV to

t = -0.13 (GeV/c)? at 14 GeV., This energy dependence is much stronger
than existing p + p’ and p + cut models predict. The zero of the real

part is found at lower t-values.
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) 12)

Comparing this with the slope of C at t =0 we conclude that
the linear approximation is good for Im C(-) up to t = =-0.1 (GeV/c)? and
energies between 3 and 8 GeV, For higher energies as well as for the
real part at all energies higher derivatives of the amplitude at t = 0
are important, since the zeros occur at smaller t-values. However, we
are aware of the fact that the data in the two regions above 6 GeV and
between 3 and 6 GeV are of different quality: whereas in the latter re-
gion the high statistics cross-section data of the Argonne groupzu) are
now available (this experiment was performed with the intention of deter-

5)

mining Ac), for higher energies only the older data of Harting et a1.2

and those of Foley et al.zs)

exist. We may not exclude that new measure-
ments in this energy region would change our results for the energy de-

pendence of the zeros.

In Fig. 3 the results of Barger and Phillips as well as those of

Pietarinen are also shown. The deviations from our results -- mainly
close to the zeros of the real and imaginary parts -- are much larger
(+)

than it was the case for the amplitude C . Again we remark that
Pietarinen's amplitude shows considerable structures at higher energies

which are not confirmed by our results.

THE AMPLITUDE 5 ()

The results for the amplitude B(-) are given in Table 1 as well as
in Fig. 4. The errors of B(—) are estimated from the errors of AP and
doo/dt. However, the errors of the real and the imaginary part of B(_) are
strongly correlated since the modulus of B(_) can be accurately determined
from do,/dt while the phase determined from AP is much less accurate.

Our amplitude shows a resonance structure between 2 and 3 GeV, which
is associated with the A(2420) resonanceza). The real part of B(-) as

well as the imaginary part follow a power law above 6 GeV, which can be

well described by a pure p-Regge trajectory:

O‘r(‘t) -1

(< * Van(??)) 62'1?‘6

B = 4166 Gey™* ag(

Faadbg
\-—-‘

(6.1)
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where as(t) = 0.55 + 0,98 t and kg = 1 GeV/c. This agrees with an earlier

11 - . .
result of Dronkers et al. ) for B( ) at t = 0, Secondary contributions
due to a p' or a cut seem to be small, Furthermore, we have checked our

results for consistency with the DR

(">
) =) 2 j dav' v'! lm Bc_(’v',t)
RQB (v, t) = :Fé(v,‘t) L ST - pZ (6.2)
Vo

)

in the same way as it was done for B using an asymptotic behaviour as

given by Eq. (6.1). The dispersive real part agrees within the errors
with the one calculated directly from the data. Nevertheless, below 2 GeV
there seems to be a discrepancy in the phase shift results: the imaginary
part of B(-) shows a dip —- which is also seen in the doy/dt data --
whereas no dip is seen in the real part which, however, is demanded by
the DR. Recently ﬂ_p polarization measurements have been performed at

40 GeV 27). Since P_o_ at this energy is essentially given by the term

- * -
Im [B( ) C(+) ] we have calculated the polarization at 40 GeV taking B( )
from Eq. (6.1) and C(+) from Eq. (3.4) and the DR, We found perfect
agreement with the experiment which is certainly a strong support in

favour of our high energy assumptions.,

Apart from C(+) this amplitude turns out to be the best determined

one. Therefore it is not astonishing that the results of Barger and

Phillips (above 4 GeV) as well as those of Pietarinen agree very well
with our results. However, in the resonance region we found some de-
-)

viations between our B and Pietarinen's.

CONSISTENCY WITH CHARGE EXCHANGE POLARIZATION
AND SPIN ROTATION PARAMETERS

Since the data on charge exchange polarization and spin rotation
parameters did not enter into our analysis they represent an independent
test for our amplitudes. Figure 5 shows the existing measurements of the
charge exchange polarization and the same quantity as calculated from our
solution. We found good égreemeﬁt with the data which confirms in parti-

cular our high energy assumption for c.
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Unfortunately we are not able to discriminate clearly between the

30 28
data of Bonamy et al, ) at 4.9 GeV and the data of the Argonne Group )

at 5 GeV which are inconsistent at small momentum transfers., However

the data of Argonne seem to be favoured.

A further test can be performed by comparing our amplitudes with

the spin rotation parameter R which in terms of the s—channel helicity

*
amplitudes ) is given by

R %S = - [IB I feosth + 2 Re (F, 5. son th

Q

where ¢R is the angle of the recoil nucleon in the lab. system. ¢R is

related to the c.m. scattering angle ¢ by:

. 1 .
Sen l}R S Qo L fg.’ (7.2)
[1-¢t/9m*

Figure 6 shows the data of Ref. 16 on R(ﬂip - ﬂip) at 6 GeV and the
corresponding quantities following from our analysis. Within large

errors the agreement with data is fairly good, however, we are aware of

the fact that our result in this respect also suffers from large uncertain-

ties which are mainly due to the large errors of XP and to the approxima-
. +
tion k|B' | = |C+

*) The relation between the s-channel helicity amplitudes and the
(invariant) t-channel helicity amplitudes is given by Eq. (A.4)
in the Appendix.
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REMARKS AND CONCLUSIONS

We have determined the TN amplitudes from differential cross—sections

and elastic polarization data, using fixed-t DR as a theoretical constraint.

- . . + .
C( ) and in particular B( ) have large errors. New measurements with

high statistics of elastic differential cross-sections —- such as the

24)

-- with accurate values of Ao would

=)

experiment of the Argonne group
help to reduce the uncertainties of C to a large extent. Furthermore,
better data on the elastic polarizations between 2 and 3 GeV would be

very helpful in working out resonance structures at intermediate energies.
Measurements of any observable above 14 GeV would also improve an analysis
along these lines since they help to establish realistic assumptions on

the asymptotic behaviour.

A detailed error analysis is as yet impossible for reasons we have
mentioned above, Therefore, we have confined ourselves to estimating
errors —— which are highly correlated in energy and also between the
different amplitudes and their real and imaginary part -- to get a rough

idea of the uncertainties. These errors are shown in the figures,

We have compared our amplitudes with those of Pietarinen's analysis.
The over-all agreement is good at least for the amplitudes C(+) and B(-).
Nevertheless, his amplitudes show structures even at high energies which
are responsible for some wiggles in the polarizations calculated from
these amplitudes. This is demonstrated by the charge exchange polariza-
tion in Fig., 5 and as a typical example for the elastic polarization we

show in Fig. 7 those at t = -0.3 (GeV/c)?2,

We summarize the main features of the resulting amplitudes as

follows:

. . + +) . . g . .

i) The ratio Re C( )/Im C( ) is appreciable within the diffraction
peak. The influence of the real part on the absorption corrections
is therefore not negligible and should be taken into account in

40)

realistic models .

+) with those of Ref. 15 suggests

1i) The agreement of our results for C
that the simple formula (3.4) provides a very good parametrization
for Im C' above 4 GeV up to 40 GeV/c. There seems to be no indica-
tion for an energy dependence characteristic for fy—-exchange, since

the secondary term of Eq. (3.4) behaves like a constant.
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iii) The imaginary part of the isospin odd s-channel helicity amplitudes
above 4 GeV show a behaviour consistent with the dual absorption
modeIQI), as far as this can be concluded from our limited t-region
(compare Fig., 8 and 9 where we have shown the helicity amplitudes
at 6 GeV). In particular we confirm the zero of the Bessel function

Jo around t v =0.15 (GeV/c)? in the non-flip amplitude.
),

iv) Above 6 GeV the flip amplitude F _

s well represented by a pure

p-Regge formula:

ol -1

) :
T o= -sindi 122 e PC o (B)7 cirran( )

(8.1)

where the trajectory is given by o = 0.56 + 1.04 t and ko = 1 GeV/c.
This is in agreement with the dual absorption model and confirmes

the assumptions made in several studies of TN-scattering [for example:
Elvekjaer et al, “2), Argyres et al, l'3)'_.[. Since B(-) dominates

in FE:) this result depends only on the assumption concerning the

(+)

high energy behaviour of the imaginary part of C which is however

well known up to 40 GeV by experimental data.
)
++
the present analysis. We note that the large uncertainties of this

v) No simple relation for the phase of F can be established from

amplitude can be reduced only if more accurate data on the elastic

differential cross-section are available,
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APPENDIX

The usual Mandelstam variables are s, t, u, and the nucleon and
The lab. energy and momentum

pion masses are M and 1, respectively,

of the incident pion are

W =(s-M-u*)/am (A.1a)

/

and

(o= —u?
/ﬁ‘ ) (A.1b)

respectively.
The isospin decomposition of the invariant amplitudes are:

) )
C. = C =7 C fer "TI/D =+ TP (a.20)
for TP = TN @2

Co _ ﬁ—i Cc~)

(similar formulas hold for B).
The measurable quantities in terms of the invariant functions are

well-known:
do _ 4 [ 4-tMM* 2 = 4+ t/tqF 2
at = rr{ —Bz [Cl rrvill ey o] 1] f
. (A.3a)
P dG - 54"&7} /m(BC*)
(A.3Db)

dt A6 s

where g is the c.m. scattering angle and

=15~ coeprlls - )] /(45)

(A.3c)

Relations between s-channel helicity amplitudes and the invariant ampli-
tudes (c.m. frame) are:
%0
. = cos (x) [c- M+ w 35
++ T it R ‘fM‘ A- € 4M>?
1+ t/4q?

== 3'-""'(2.) M —_—
Fe- 74,«,/'" M [ 55 C ~ =i J

(A.4)
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The nucleon pole term is given by:

.F(i) 81 A (v )

= 2 _y2 vV ) A.5
B M Ve y B, ( )
where v, = -u2/(2M) + t/(4M) and g2/(4m) = 14.6 is the TN coupling constant.

B
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Figure captions

Fig. la : C(+)/k as a function of the lab., momentum k at t = =0.1 (GeV/c)z.
The solid lines represent our results, the dashed regions
indicate the error bounds of our results.

10)

Dashed line from Barger and Phillips™ 7,
Dashed dotted line from Pietarinene).

v from Ref., 21,

o from Ref; 15,

X CERN 1971 phase-shifts.

¢k at

Fig. 1b t = -0.3 GeV/c?, Symbols as in Fig. la.
Fig, 2a : B(+) at t = =0.1 GeV/c?., Symbols as in Fig. la.
Fig. 2b B(+) at t = -0.3 GeV/c2. Symbols as in Fig. la.
Fig. 3a : C(_) at t = -0.1 GeV/c?., Symbols as in Fig. la.

Fig. 3b : ¢ at t = -0.3 GeV/c?. Symbols as in Fig. la.

Fig. 4a B(-) at t = -0.1 GeV/c?. & Re (™) following from the data
of Ref. 27 and the assumption of a pure imaginary ct and
P = 0.

Fig. 4b : 8(™) at t = -0.3 Gev/c2. $ Re p (™) following from the data

of Ref, 27 and the assumption of a pure imaginary ct and

ZP = 0.

Fig., 5 The charge exchange polarization as calculated from our
amplitudes. The data points are taken from Ref., 28 (I),
Ref. 29 (P), Ref. 30 () and Ref. 31 (g). The data are

interpolated in t if necessary.

Fig. 6 The R parameters for ﬂ p elastic and charge exchange scat-
terlng as calculated from our amplitudes at 6 GeV/c (}) Data
points are taken from Ref. 16 (§). To indicate the energy
dependence following from our result we have included the
values at 3 and 12 GeV/c (solid and dashed lines respectively).
These curves are smooth interpolations of our results in order

to keep the diagram readable.



Fig. 7

Fig., 8

Fig. 9
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The elastic polarization at t = -0.3 GeV/c? compared to what
follows from our amplitudes (solid line) and from Ref., 8
(dashed-dotted line)., Data are taken from Ref. 32 (I),

Ref. 33 (3), Ref, 34 (&), Ref. 35 (&), Ref. 36 (W), Ref., 37 (),
Ref. 38 (¥), Ref. 39 (§), and Ref. 27 ().

)

The s—-channel helicity non-flip amplitude F,

-) )
++ ++
results (;) are compared to those of Ref, 1 (§) -— as an

at 6 GeV/c.

The components of F are given with respect to F . Our

example for an analysis where the polarization of Bonamy

)

et al.29 was used -- and those of Ref, 2 (O) based on the

polarization data of Ref. 28, The broken line indicates the

errors given by Ref. 2., The value t = 0 (¥) was taken from

4)

the table of TN forward am.plitudes1 .

The s—channel helicity flip amplitude FE:) at 6 GeV/c. Symbols

are the same as in Fig. 8.
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