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Summary; The experimental data on elastic 7l 7l scat tering were

combined and analy sed in t erms of t he TCTI sca 11 ering phase

shifts up to cms energies of the TCTC System of 1,3 GeV. Most of

these data come from the application of the one-pion exehange

model to reactions of the type TCN —>7inN. 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 17O MeV

was obtained. The behaviour of the asymmetry parameter

R = (F-B)/(F+B) in u n -scattering implies the existence of a

T = 0 , J = 0 7l it resonance, A mass of m"jk GeV and a width of

9O MeV were f ound f or this r-esonance .

There is now cons iderable information available on various

aspects of the elastic TCTI interaction, such äs angular

distributions, cross sections and S wave contributions at low

energies, Most of this Information comes from the application
l 2

of th.e one pion exchange (OPE) model ' to the experimental
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3-9
results on single and double pion production in TiN collisions

However, one lias to modify the OPE model in order to get a

quantitative description of the experimental da t a , äs the

production processes appear to be far more peripheral than i s

predicted by the uncorrected OPE model. Such modif ications are

the introduction of form factors and/or the iiiclusion of

absorpt ive effects in the initial and final s tat es . The

experimental results on the 7l 7l interaction have been ob tained

mainly by using the form factor and off-shell correction

functions of Ferrari and Selleri . This approach yielded

consistent results from a variety of reactions and with different
6 7 9momenta of the incoming pion ' ' . In particular, the cross

sections for elastic Till scatteri ng which have been de termined in

this way reach the unitary liraits at the masses of the p mesons

(in 7i TI and n 7l scattering) and the f mesons (in TU u scattering)

These results give some confidence in the data on KTT scattering

which have been obtained with this model.

In the study reported here we tried to combine all experimental

data on elastic TITT scattering and to analyse them in terms of the

7171 scattering phase shifts. A set of phase shif t s was obtained

which fits the data well, A short account of this analysis has
12already been published.

7171 scattering: The elastic 717t scattering amplitiade A (Co , cos 0)

(oo total 7171 cms energy , Q scattering angle) decomposes in t o the
1 lisospin amplitudes according to

,cos O) - c(T,T ,t ) A(co ,cos 0) (l)
T

where T, T denote the total isospin and its 3rd component y and

where t is the 3rd isospin component of one of the pions. The

coefficients C ( T , T , t ) are tabula t ed in Table I:
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Table I: Coefficients C(T,T ,t )

T - O T=l T = 2

7l 7l -> 7l 7l

7l + 7l° -* 7l + 7l°
-k — ~h

7l 71 -> 71 7l
+ - O O

7l 7l -> 7l 7l

O O 0 O
7l 7l -> 7l 7l

1/3

-1/3

1/3

1
1/2 1/2

1/2 1/6

1/3

2/3

T •
The isospin amplitude A (^ ,cos ö) can be expressed by the phase

shifts cf T :J

A I £L) o j^ G O i — x-*** • • > ' i *? T J_ l I i • - i—i-—W-1 • •—-—i—- T T} f /-* f\ Q ll *•** . O L / O W ; — T 1 Ä U T - L / U - C - . l l ^ U ü f y
v ' 7 J v ' q J v

where q is the pion momentum in the TLTI rest System and the

PT(cos Q) are the Legendre polynomial
«J
section for TTTI scattering is given by

PT(cos Q) are the Legendre polynomials. The differential
«J

da 871 "s „/m ̂  . \T
C(T,T„,tJ A(üu,cos 0) (3)

dcosQ ifj2- * 3 3
/

A priori little is known on how the different TTTI: phase shifts

should behave. Near threshold one can use the effective ränge

expansion of the scattering amplitude . However, the experinieiital

data are at present not accurate enough to allow for a determination

of the expansion coefficients. Therefore, one usually applies the

effective-range approximation of Chew and Mandelstam which is

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

2 T
with-\>= (q/>0 » M "t̂ 6 piori mass and a the scattering length which

has to be determined experimentally.
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If there exists a nn resonance in the (T,j) state, the

corresponding phase shift can be expressed near the resonance
16.

in terms of the position and width or the resonance

-Co
r

Here ̂  is the resonance energy and l (tu) the width. For broad

resonances the width is energy dependent. Following Dürr and
17

Pilkuhn one ob t a ins

rr
r

where q is the pion momentum a t the resonance , 1 i s the füll

width a t ha l T maximum and

jT(x), n_(x) are the spherical Bessel and Neumann Functions.
J 0

r is the "radius of the interaction" and is of the order of l/3/\ y T

For q ̂  q (6) reduces to the f am i l iar f ormula P:Ü ( q/ q ) | .

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

illustrated by the diagram in Fig. l, With the modifications by

Ferrari and Seeleri the ÜPE model makes the following prediction
.10for the dif f erential cross section of the reactions TiN—

(o)

with m nucleon mass

s square of the total energy in the overall cms systetn

p momentum of the incoming nucleon in the overall cms System



- 5 -

t square of the momentum transfer between incoming and

outgoing nucleon

/>_p r̂  o o o 7̂ i /o
q = I, tu + M -1 •. _ 2 l / momentum of the exchanged

pion in the TITI rest System

2
f TU N coupling constant; f =0.08 if the exchanged pion i s

2
neutral, f =0.16 if the exchanged pion is charged .

F (t) is a product of three form factors, which correct

the 717l: and the 7tN vertex and tUe pion propagator.

F(t) has been determined empirically:

F(t) = .28 + '-2^--•

, /u*-1l + —r

-}l 7t, — => 71 JT
' is defined äs the off- s hell dif f ererit ial cross

dcosQ
section for TU 7l sca t teririg , which in the approach

of Ferrari and Selleri is given by

T 0 1

off T_,/2

The correction function (̂  V ' has originallybeen obtained
q

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 rneasured values of

g^TTKJ o irir^1 . In particular, if the 717l scattering takes place

in a definite angular momentum state J, Formula (8) yields

directly the on-sheil differential cross sect ion for elastic

TC71 scattering.

There are special corrections to be made for the nucleon vertex -^

when the OPE model is compared with the reaction 7l p —>TI 7l N*
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Formulas (8), (9) have been used to determine the total cross

sections Tor 7t- 7l-, 7I~TC° and TI Jl~ scattering from the reactions

7l + p ~*n + n + n(k . o9) , 7i"p -^7t~7l~N** + (k. o , see remark rnade above),

ir~p^TT-7i°p (l.596a, 2.756b, 4.o7b), 7i-p->7c + 7i-n (l.596a, 2.75^,

4.o'). The figures in brackets give the iaboratory momenta of
21

the incident pion at which the reactions have been studied

Further Information on TITC scattering ha s been obtained by

measuring

a) the TU: angular distribution w(cos O), where 0 is defined, for

off -Shell scattering äs well äs for on- Shell scattering äs

the angle between the incoming and the outgoing pion of the

same Charge in the 7T71 rest system;

b) the asymmetry parameter R = (Forward - Backward)/( Forward +

Backward ). Bot h W(cos 0) and II have been measured for low

momentum transfers. In add ition to the experiments cited

above there are data available from the reactions

22, 3.323

_ ,,23 s 2 4 ^ + + - ir r l25^
3.3 , o . o ) , and TT n->7T K p ( 6 . 0 ^ ) .

( 2 . 7 5 c ) , 7--p^7i-7i°p (3. 0 , 3 . 3 ) ,

One remark has to be made c oncerning the measurements of the TTTT

angular distribution W (cos 0 } . According t o tbe OPE model ( with

the corrections of Ferrari and Selleri) , W(cos 0) is altered if

one of the pions is off the ma s s shell and if partial waves of

difFerent angular momentum states are cont ribut ing , This cai be

seen from the Formulas (8), (9). The TTJI angular distribution

measured in reactions such äs TlN— >7l7üN may therefore differ from

the angular distribution for on-shell r.n scattering, For exampie,

the corrections for U are typically of the order of 10 - 3O o/o
o

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

account in this analysis.
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De terminat ion of jth.e phase shif t s : Using the relation J ~ qr
" ~~ "~~ max

ono expects for^<l,3 GeV partial waves up to J - 4 to be con-

tributing. Consequently the pliase shifts <£ £ <S ü V i^
{-l r Z c i ?- f H- / i , « 3
öz i i M- were considered. As no kn decays of the p and

(T
f mesons havo taeen observed, the <1 were assumed to be real in

•j
this energy region.

. f~r\e phase shifts o were det ermined by f irst a na ly sing n-n-

scattering which involves only the T = 2 isospin amplitude.

After fitting T = 2 phase shifts the experimental results on

n 7l scattering were used to obtain the T = l phase shifts. The
j_ _

Tt 7l scattering then allowed to fit the T = 0 phase shifts and

served äs a check for the T - l and T = 2 phase shift values

ob tained before

_Tt-7l- scat tering ; The angular distribution is Isotropie below
7 c 9Ü.ö GeV ' , and consequently pure S-wave scattering was assumed

£V

in this energy region. As the experimental data on D + + are
7l — 7l —

rather poor at low energies , « + + was fitted for ̂ 40. 5 GeV to
71-71- ^ ^

the effective ränge formula (4). The fit eave a - - -r— (for
2 b o j/i

the s i gn of a see below). In the energy ränge 0.6 QeVi UJ < l . 3 GeV

the cross section and the angular distribution can well be
{ 2described assuming S and D waves only. The relative sign of <J

and ^ turned out to be positive. The final de terrnina t ion of

d and <] „ wa s made bv c omb ining the data on TT-TI- and 7l TI
0 2 - o

sc;a t tering . Tb e asymme try parame t er H - o for TI TI scat tering ,

which is negative at low energies, determined the negative sign

of o ( i t wa s a ssumed , t ha t J 1 stays positive at low energies).

TI ~ TV ° s c a 1 1 e r i ngj_ T o TI TI scattering the T = l and T = 2 isospin
j- 2 (2

amplitude s can contribute and hence the phase shifts 0 , J» and

<j . , ,4 were considered. As (j.. is domina ted by the p meson, a

re sonanc e form given by (5) with J - l was adopted for the energy

Variation of (j in the 9 region. W i t h to = .760 GeV the fit of the
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width to the behaviour of R - o gave a füll width at half
f l

maximum of 1?O MeV. Above 0.6 GeV <4 calculated in this way

together with <$ , ^„ and a small positive j fits the
" *~ f lexperimental data well. Below 0.6 GeV o was determined from

the values of K - o and 6~* - o directly.
7l 7l 7l 7l

7i + Tt~ scattering: Using the 71 7i~ scattering data the T = O phase

shifts were fitted. At very low energies (^^0.4 GeV) the T = 0

Tl 7l interaction ha s been measured by studying the reaction p t-a—?
a 27

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

because the 717t mass is small. It was then found that A can be
" ~t... o / - \ — J .

fitted by the ef f ect ive-range Formula (4) with a = ( 2+_l m.
O *̂

Taking this result for <j , the observed low energy behaviour of
+ - ° (O f l

7l 7l scattering agrees well with that calculated from J , (J -i

J 2
(the experimental data are, however, not accurate in

this energy region). At higher 717l masses ( <-O.> l GeV) there is a

strong D-wave contribution which comes from the f-nieson. Q _ was

therefore calculated from (5) with J = 2, using for the mass and

the width of the f-meson the values W = 1.25 GeV and T„ = l4O MeV,

f o f oOne can now try to determine <J for ̂ >O.5 GeV äs 3 is the only

free parameter left. As the contribution of A to &+ - is small
, u o 7l 7t

compared with that of 0 , ~̂ + - is rather insensitive to the

value of A . On the other hand the value of H + - depends
v O 7l 7l

critically on J and is therefore well suited for a determination

of g . Fitting 3 to R + - we found that the large asymmetry

(R+J^0.4 - 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 = O state with a mass of about that of the p meson. Best agree-

ment was obtained for a mass of 0.?4 GeV and a width of 90 MeV.

f) Q

This result has been suggested by several authors or has been

found in similar investigations. Islam and Pinon , Patil ^ and
f~t i

Durand and Chiu studied the 7l~7t° and u + 7l~ angular distr ibution

- 9 -
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and proposed the existence of a T - 0, J = O resonance, the so-

called £ me son,, Recently several experiments have been made to

observe the decay of the tdirectly. Feldmann et al. and
Q '5

Corbett et al„ have investigated the reaction 7i~p->7i n n.
34 + -

Hagopian et a l. have analysed the n 71 System in the react ion
__ -U __ i

Ti p -1? Tl 71 n iti a regi on of the r. 7l scat tering angle where P

produc tion should not predomina te , In all experiments an

enhancement in the TTTI System at about 0.7 GeV was f o und.

Fig, 2 gives the phase shift values obtained with tliis procedure

In Fig * 3a, b the asymmetry parame ters H - o and R + - are com-
T T 7 T 7 I T C

pared with the measurements. Both parameters were calculated

a) for- on-shell TC71 scat t er ing
2

b) for a square of the momentum transfer -t - 15^ » As has been

proposed by Dürr and Pilkuhn , the factor (q / ) in Formula

G f-f" "T 1 /9 Q
^(rq )/v,(rq) / , where v(x) is

2 2
defined in (7). A value of lOu. was used for l/r . Figs . 4a - c

show a comparison between the measured and the calculated TI-TI- ,

7l 7l and 71 7l cross sections„ In Figs. 5a > b the cross sections
+ - o o , 0 0 ^ 0 0 .

t or the reactxons TI 7l -̂  7l 7l and 7l 7t -̂  7l 7l are also given. As

can be seen from Figs« 3 and k the agreement between the

experimental results and those obtained from the phase shift

values is sätisfactory,
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Captions for figures

Fig. l OPE diagram for the reaction TlN -•/ TlTiN
f T

Fig. 2 TiTi phase shifts ö äs a function of the TTTi cms energy <•*)-
\)

Fig. 3 Energy dependence of the asymmetry parameter R. The

data were taken from the compilation given in Kef.(6b)

and from Ref.(25). The curves shown were calculated from
T"1

the <$ for on~ Shell 7171 scattering (solid l ine) and for
u

the scattering of a real pion on a pion witli a mass
n

squared of -t = 15 l1* (dashed line)
\ oa) n n system

b) 7l 7l System

Fig. k Elastic Tt7l scattering cross sections äs a function of

the 7171 cms energy us
\ o — — o

a; n 7t scattering. The data come from 7l p->Tl 7l p

(i.596b, 2.756b);
\ — — + —

b) 7i Ti scattering. The data come from 7l p-~>Ti 7l n

(.1.59 and 2.756 b , c|4.O2°)

c) 71-71- scattering. The data come from 7l p -•> 7l 7i n

(74 .o 9 ) and from 7l~p 7 l~7C~N** + (T4.0 1 9 ) .

Fig. 5 Cross sections for the reactions 7l 7i~—>7i 7l (a) and

7l 7l -^> 7l 7l (b) as calculated from the phase shif ts .
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