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Summary: The experimental data on elastic TM scattering were
combined and analysed in terms of the mnm scattering phase
shifts up to cms energies of the 7T system of 1.3 GeV, Most of
- these data come from the application of the one-pion exchange
model to reactions of the type nN =>nnN. The analysis resulted
in a set of phase shifts which give a good fit to the

existing data. For the width of the p meson a value of 170 MeV
was obtained. The behaviour of the asymmetry parameter

R
T =0, J =0 N resonance. A mass of ,74 GeV and a width of

(F-B)/(F+B) in i m -scattering implies the existence of a
90 MeV were found for this resonance.

There is now considerable information available on various
aspects of the elastic TN interaction, such as angular
distributions, cross sections and S wave contributions at low
energies. Most of this information comes from the application

1,2

of the one pion exchange (OPE) model to the experimental
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results on single and double pion production in 7N collisions .
However, one has to modify the OPE model in order to get a
quantitative description of the experimental data, as the
production processes appear to be far more peripheral than is
predicted by the uncorrected OPE model., Sucli modifications are
the introduction of form factors 10 and/or the inclusion of
absorptive effects in the initial and final states ll. The
experimental results on the 77 interaction have been obtained
mainly by using the form factor and off-shell correction
functions of Ferrari and Selleri 10. This approach yielded
consistent results from a variety of reactions and with different

6!7!9.

momenta of the incoming pion In particular, the cross
sections for elastic TN scattering which have been determined in
this way reach the unitary limits at the masses of the p mesons
(in = n° and n*1” scattering) and the f mesons (in n'm  scattering).
These results give some confidence in the data on mT scattering

which have been obtained with this model.

In the study reported here we tried to combine all experimental
data on elastic Tnm scattering and to analyse them in terms of the
nn scattering phase shifts. A set of phase shifts was obtained
which fits the data well., A short account of this analysis has

already been published.12

nn_scattering: The elastic TN scattering amplitude A (W, cos ©)

(w total nn cms energy, O scattering angle) decomposes into the
13

isospin amplitudes according to

A(w ,cos 6) = ZC(T,TB,tB) AT(LU ,cos @) (1)
T

where T,'I‘3 denote the total isospin and its 3rd component, and
where t3 is the 3rd isospin component of one of the pions. The

coefficients C(T,T t3) are tabulated in Table I:
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Table I: Coefficients C(T,Tj,tB)
T = O T = 1 T = 2
+ _+ + _+
- 1
wtn® - wtn® 1/2 1/2
T o sntn” 1/3 1/2 1/6
+ - o O
- T -1/3 1/3
°n° o n%° 1/3 2/3

. R . T/
The isospin amplitude A (& ,cos ©) can be expressed by the phase
shifts dT
J
T

’

. JT . .
AT(w ,cos 0) = UJ%;(2J+1) Ei—iﬁiﬂéJ P (cos 0) (2)

where q is the pion momentum in the TN rest system and the
PJ(cos O) are the Legendre polynomials, The differential cross

section for mnm scattering is given by

do 87 k

dcos0O ot c(r,T

yrts) 8T(w,cos 0) [ 2 (3)

~[P4

A priori little is known on how the different mn phase shifts
should behave., Near threshold one can use the effective range
expansion of the scattering amplitude lh. However, the experimental
data are at present not accurate enough to allow for a determination
of the expansion coefficients. Therefore, one usually applies tlic
effective-range approximation of Chew and Mandelstam which is

15

derived from the S-wave dominant solutions of the nn equations

N+ A N4

ly : G
e A T G RN C R E D I O

with =~ = (qéu)z,‘p the pion mass and az the scattering length which

has to be determined experimentally.



If there exists a 7T resonance in the (T,J) state, the

corresponding phase shift can be expressed near the resonance

16,
in terms of the position and width of the resonance :
T _ w
tgd; = R M (w) (5)
W™ -
r

Here ®_ is the resonance energy and [ (W) the width. For broad

resonances the width is energy dependent. Following Dirr and

Pilkuhn one obtains 17:
v4 (rg)
M) = 3370 (6)
- Va (rQrS
where q_ is the pion momentum at the resonance,i—r is the full
width at half maximum and
~ -4
2/ ,2 2
- + N° (x :
VJ (x> = LX (JJ () 3 )):{ (7)

jJ(x), nJ(x) are the spherical Bessel and Neumann Functions.
r is the "radius of the interaction" and is of the order of l/3ﬁ;

_2J
For q ™ q_ (6) reduces to the familiar formula rfz{q/qr) flr;.

The OPE model: The OPE process for single pion production is

illustrated by the diagram in Fig. 1, With the modifications by
Ferrari and Seeleri the OPE model makes the following prediction

for the differential cross section of the reactions nN—PnanO:

P

TNS>TTN £2_m_§ :l; F’Z('G)z o2 oft c{G'ﬁﬁ_’(;‘U;1tfwe) (8)
dEt dw decs & * Bs M (-t FS

with m nucleon mass

s square of the total energy in the overall cms system

p momentum of the incoming nucleon in the overall cms system



t square of the momentum transfer between incoming and

outgoing nucleon

of f r 2 1
q = lfw +M ut " I / momentum of the exchanged
2

2w . -
pion in the 7N rest system

f 7N coupling constant; £ =0.08 if the exchanged pion is
neutral, f2=0.16 if the exchanged pion is charged.

F (t) is a product of three form factors, which correct
the nmnt and the TN vertex and the pion propagator.

F{t) has been determined empirically:

F(t) = .28 + 72
1+ ﬁth
L7
do (Wit 1)
TN - T . . . .
“deoso is defined as the off-shell differential cross

section for 7T scattering, which in the approach

of Ferrari and Selleri is given by

83 T jesid 2
ﬂxﬁ—‘lgwtr ST = S’nq ZC([ Ty, t5) Z_(ZJ+4) e s g:' (GI- J Pa(unb){ (‘i)
A & q q

off
The correction function (%

)J—l/2

has originally been obtained
under the assumption that the partial wave with angular momentum J
is in a resonant state., We will use it also for the non-resonant
case, Provided the OPE model is applicable, Formula (8) allows to
determine the scattering parameters from the measured values of
Ay > g N

duw dte © .
in a definite angular momentum state J, Formula (8) yields

In particular, if the Tn scattering takes place

directly the on-shell differential cross section for elastic

i scattering.

There are special corrections to be made for the nucleon vertex 1

5]

when the OPE model is compared with the reaction npoOT W N§3 .



Formulas (8),(9) have been used to determine the total cross

- +, - . . :
sections for 7nZ R:, n n® and 17 scattering from the reactions

n+p-hn+n+n(k.09), n"p-an‘n_N§;+ (h.ol9, see remark made abovz),
- - b - + - __6a e}

T p27n ﬂop (1.5963, 2.756b, h.o7 ), o p>n T n (1L.59°°, 2.75 7,

h.o7). The figures in brackets give the laboratory momenta of

. 21
the incident pion at which the reactions have been studied .

Further information on TN scattering has been obtained by

measuring

a) the 71 angular distribution W(cos ©0), where © is defined, for
off-shell scattering as well as for on-shell scattering as
the angle between the incoming and the outgoing pion of the

same charge in the TN rest system;

b) the asymmetry parameter R = (Forward - Backward)/(Forward +
Backward). Both W(cos 0) and R have been measured for low
momentum transfers. In addition to the experiments cited
above there are data available from the reactions
T p ~»E+R_N§;+ (2.75%¢), =7p>r % (3.0%2, 3.333),

ﬁ—p—an+n~n(3.022, 3.‘23, 6.02h), and 1Tno>nt T p (6.025).

One remark has to be made concerning the measurements of the 71T
angular distribution W(cos ©). According to the OPE model (with
the corrections of Ferrari and Selleri), w(cos ©) is altered if
one of the pions is off the mass shell and if partial waves of
different angular momentum states are contributing. This car be
seen from the Formulas (8), {9). The nn angular distribution
measured in reactions such as RN -—5RAIN may therefore differ from
the angular distribution for on-shell =7 scattering. For example,
the corrections for R are typically of the order of 10 - 30 o/o

for momentum transfer squared -t = 1lo ; they were taken into

account in this analysis.



Determination of the phase shifts: Using the relation J = qr
max

one cxpects for W<1l,3 GeV partial waves up to J = 4 to be con-

tributing. Consequently the phase shifts g;!gi{ézl gi'&g and
éi 1 gi r‘ga* were considered. As no 47T decays of the p and
f mesons have been observed, the 53 were assumed to be real in
this energy region.

The phase shifts AT were determined by first analysing ninl

J
scattering which involves only the T = 2 isospin amplitude,
After fitting T = 2 phase shifts the experimental results on
n n° scattering were used to obtain the T = 1 phase shifts. The

ntn” scattering then allowed to fit the T = O phase shifts and
served as a check for the T = 1 and T = 2 phase shift values
obtained before 26.

nint scattering; The angular distribution is isotropic below

0.6 Gev’®*?

and conseguently pure S-wave scattering was assumed

&

in this energy region. As the experimental data on +_+ are

rather poor at low energies, G%inf was fitted for‘“40?5nGeV to
the effective range formula (4). The fit gave ai = - %— (for
the sign of ai see below). In the energy range 0.6 Gevg'uJ<l.3 GeV
the cross section and the angular distribution can well be
described assuming S and D waves only. The relative sign of éi
and J; turned out to be positive, The final determination of

éi and J; was made byv combining the data on ﬂint and ﬁ_ﬂo
scattering. The asymmetry parameter RE_KO for R“ﬂo scattering,
which is negative at low energies, determined the negative sign

of A i (it was assumed, that Ji stays positive at low energies).

1’ scattering: To n o’ scattering the T = 1 and T = 2 isospin

2 2
amplitudes can contribute and hence the phase shifts Jo’ J2 and

1 &% were considered. As 6i is dominated by the ¢ meson, a

l ¥
resonance form given by (5) with J = 1 was adopted for the energy
variation of éi in the Q region. With.ukz .760 GeV the fit of the



width to the behaviour of R o n° &ave a full width at half
maximum of 170 MeV, Above 0.6 GeV J calculated in this way
1 .
together with 52 52 and a small p051t1ve 63 fits the
experimental data well. Below 0.6 GeV él was determined from
- & _ i ly.
the values of Rn ﬂo and P no directly

ntn” scattering. Using the atn” scattering data the T = O phase

shifts were fitted. At very low energies (W< 0.4 GeV) the T = 0
NN interaction has been measured by studying the reaction P+d—9

3 27

He + 27 . It is safe to assume S-wave contributions only .

because the 77M mass is small. It was then found that 62 can be
fitted by the effective-range Formula (4) with ag = (211»L“l.
Taklng this result for é the observed low energy behaviour of
ntn” scatterlng agrees well with that calculated from éo él
and d- (the experimental data are, however, not accurate in
this energy region). At higher nn masses (W21 GeV) there is a

- . o
strong D-wave contribution which comes from the f-meson. é was

2
therefore calculated from (5) with J = 2, using for the mass and
the width of the f-meson the values h% = 1,25 GeV and Ff = 140 MevV,

One can now try to determine Jo for W>0,5 GeV as ég is the only

free parameter left. As the contribution of éo to 6;+n~ is small
compared with that of Ji, G% o is rather insensitive to the

value of éo' On the other hand the wvalue of Rn+n_ depends

critically on Jo and is therefore well suited for a determination
of dz. Fitting dz to Rn+n_ we found that the large asymmetry
(Rn+;§O.h - 0.6) observed from 0.6 GeV up to 0.9 GeV can only be
explained by assuming the existence of a resonance in the T = 0,
J = 0 state with a mass of about that of the f meson. Best agree-
ment was obtained for a mass of O0.74 GeV and a width of 90 MeV,
This result has been suggested by several authors 28 or has been
found in similar investigations. Islam and Pinon 29, Patil 30 and

Durand and Chiu %t studied the 71" 7° and ntn” angular distribution

<5



and proposed the existence of a T = 0, J = O resonance, the so-
called € meson, Recentiy several experiments have been made to

32

observe the decay of the €directly. Feldmann et al. and
Corbett et al,33 have investigated the reaction 7 p <>n°n°n.
Hagopian et al,Bh have analysed the atn” system in the reaction
n"p~bﬂ+n_n in a region of the A scattering angle where ¢
production should not predominate. In all experiments an

enhancement in the 7T system at about 0.7 GeV was found,

Fig. 2 gives the phase shift values obtained with this procedure.
In Fig. 3a, b the asymmetry parameters Rﬂ—ﬂo and Hn+n« are com-
pared with the measurements. Both parameters were calculated

a) for on-shell 7Tn scattering

b) for a square of the momentum transfer -t = 15H2g As has been
proposed by Dirr and Pilkuhn -/, the factor {(q° 't/ )Y in Formula
(9) has been replaced by [yJ(rQOff)/vJ(rqi]l/z, where v(x) is
defined in (7). A value of 10#. was used for l/rz, Figs. 4a - c
show a comparison between the measured and the calculated Etni,
n"no and n+n_ cross sections. In Figs. 5a, b the cross sections
for the reactions 1 17> 1°1° and 1°7°> 1%71° are also given. As
can be seen from Figs. 3 and 4 the agreement between the
experimental results and those obtained from the phase shift

values is satisfactory,.
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Captions for figures

Fig.
Fig,
Fig,

Fig.

Fig.

OPE diagram for the reaction 7TIN-, %TN
mn phase shifts 55 as a function of the TN cms energy .
Energy dependence of the asymmetry parameter R. The
data were taken from the compilation given in Ref.(6b)
and from Ref.{25). The curves shown were calculated from
the é§ for on-shell Tm scattering (solid line) and for
the scattering of a real pion on a pior with a mass
squared of -t = l5r12 (dashed line)
a) 7 1° system
b) wn'n” system
Flastic M scattering cross sections as a function of
the T cms energy [P\
a) 1 n° scattering. The data come from T p-T T p
(1.59%P, 2.75%%),
b) n7n” scattering. The data come from T p-5T N n
(e1.59 and 2.75°P, 4&.02°)
c) nind scattering. The data come from n+p—§n+n+n
(Vh.o9) and from T p n"n"N§;+ (Th.Olg).

Cross sections for the reactions n'n —=>1°7° (a) and
7°n%> 1%n° (b) as calculated from the phase shifts.
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