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Further analysis 1 } of the experimental data on the 
total rrp cross-sections and the differential elastic 
n~p scattering cross-sections has been carried out for 
energies between 0.3 and 1.3 GeV. Recognizing that 
the data are insufficient for a complete and unambig­
uous analysis in terms of complex phase shifts, restric­
tive assumptions related to the higher resonances have 
been made. When the n~p amplitudes for the D^"/2 

and F 5

+

/ 2 states are chosen in agreement with the 
Breit-Wigner formula having parameters appropriate 
to the observed peaks in the T = \ total cross-section, 
one finds that the best fitting of the angular distribu­
tions requires a T = J, P 1 / 2 resonance near 950 MeV 
plus non-resonant contributions from other states. 
Within the limitations of the present data it is not 
possible to eliminate alternate solutions which are 
somewhat less good on the basis of a least squares 
analysis. However, our best solutions at 900, 915, 950, 
1000 and 1020 MeV are all consistent with a resonant 
P 1 / 2 state. 

This result is particularly interesting in view of the 
fact that the data on AK production have for some 
time indicated a resonance near 950 MeV 2 ) . Kana-
zawa 3 ) concluded that a P 1 / 2 or P 3 / 2 resonance 
(pseudoscalar K) at 925-940 MeV of c.m.s. width 
100-120 MeV fitted the data available in 1958. He 
stated that this peak was not related to the nN reso­
nance at 900 MeV which was associated with a higher 
state of angular momentum (presumably F 5 / 2 ) . It 
now seems that there may be an isobar of T = i, 

/ = = i + which has a AK decay mode. The most 
recent data 4 ) show a pronounced peak in the pro­

duction cross-section (aAK = 1.2 mb) and also a need 
for waves higher than S and P to fit the angular 
distribution and polarization. Analyses with S and 
P alone show a large P 1 / 2 or P 3 / 2 amplitude, but 
unfortunately the data are insufficient for a complete 
analysis with higher waves included. Fig. 1 shows 
two possible fits to the production cross-section using 
a smooth background plus a P 1 / 2 resonance of the 
following characteristics : 

TABLE I 

76S 775 7 9 0 8 3 0 870 9 0 0 9 6 0 12QO 1300 
I 1 1 r 1 — r 1 • 1 r 

Fig. 1 The data for the AK production cross-section given in 
the reference 4 ) are displayed for comparison with a smooth 
background plus a resonance at 896 MeV (A) or 920 MeV (B) 
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Reduced width, y, is precisely defined below. With 
the Breit-Wigner resonance formula one finds the 
general result that the angular momentum barrier 
factor is very important near threshold. In the parti­
cular case at hand this means that it is impossible 
to fit the peak with an F 5 / 2 resonance. To summarize 
the information from AK production, one can say 
there is evidence for a P wave resonance, but it is 
not possible to determine precise amplitudes. In 
view of the np data it is tempting to speculate that 
there is a P 1 / 2 resonance with small P 3 / 2 and F 5 / 2 

amplitudes, the last being significant only because of 
the 900 MeV T=% resonance. 

Returning to the np data analysis, we give a few 
details of the method 1 } . As a first step the total cross-
sections were separated into a series of resonances 
superposed on a monotonically varying background 
(dependent on the isospin). The peaks were fitted 
by a relativistic Breit-Wigner formula for the ampli­
tude of a particular angular momentum state, / , 
between channels a and /?: 

TABLE II 

where E is the pion c.m.s. energy, r3(E, a) is a partial 
width, and Fj(E) is the total width, assumed to vary 
like rj(E, 7 i ) , the partial width for elastic scattering. 
fj(E, n) has the form : 

where \i and M are the pion and nucléon masses, 
respectively, hK is the pion c.m.s. momentum, a is 
the interaction range chosen as one Fermi, VL{Ka) is 
the barrier penetration factor 5 ) for orbital angular 
momentum, L — J'±1/2, and y is the dimensionless 
reduced width. The slowly varying energy denomi­
nator Ej+E9 arising from a relativistic normalization, 
results in only a small difference from the usual low-
energy Breit-Wigner formula. In general, for either 
resonant or non-resonant states Aj(E9 a, /?) can be 
written in terms of a complex phase shift Sj(E, a, fi) 
as follows: 

The parameters E} and Fj in the laboratory system 
are given below for the three well defined np peaks. 

To find the non-resonant amplitudes Aj= Aj(E,n,n) 
three types of data have been used; namely, the total 
cross-section 6 ) , a, the forward scattering amplitude D 
as found by Cronin 7 ) , and the expansion coefficients 
in a cosine power series for the differential cross-
section as given by Wood et al. 8): 

a, D, and the an can be expressed in terms of the A3 

or ôj using well-known formulae 1 } . The obvious 
difficulty in finding the ôj is the fact that the prob­
lem is underdetermined when nothing is known 
of the polarization. If one accepts the limitation 
L^3 based on the experimental absence of n>6 for 
i?<1.0 GeV, there are nine bits of data and seven 
complex numbers to be determined. The method 
used to get meaningful solutions was to insist upon a 
consistent and smooth change in going from one 
energy to the next, and to restrict the solution by care­
ful choice of the input trial values of the ôj . The 
computer programme simply took a set of trial values 
of ôj, calculated the nine quantities ac, Dc, and the 
ac

n, and computed the sum : 

where an, a, and D are measured values and Aan, 
Aa, and AD are the uncertainties, directly or indirectly 
evaluated from experiment. The computer then varied 
the ôj cyclically until a minimum of M was obtained. 
This procedure would be hopeless if data at only one 
energy were considered; but in the calculation data 
at all energies were used together as follows : 

(1) starting with the results of Pontecorvo 9 ) at 
300 MeV the input ôj were initially taken as the best-
fit results previously obtained for the next lower 
energy, except as stated below. 
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(2) for the D 3 / 2 and F 5 / 2 states the trial dj were 
taken from Eqs. (1) and (3) and Table II. 

(3) for the D 5 / 2 and F J i2 states the trial Ôj were 
chosen to conform to the measured values of a5 and 
a6 Eq. (4) in view of the previous choice for the D 3 / 2 

and F 5 / 2 states. 

(4) finally in succeeding trials other inputs for 
L<2 were chosen to the extent of 93 different calcula­
tions some of which involved data considered " less 
reliable " or " alternate " to the " preferred " sixteen 
sets. 

The results of these calculations are shown in Fig. 2 
where the points represent the 29 " best-fit " solutions 
with the smallest values of M («1) except for those 
cases, where consistency with neighbouring energies 
demanded that the " second best " be accepted. The 
figure shows that the input restrictions were sufficient 
to retain the D 3 / 2 and F 5 / 2 resonances in the solutions. 
There are other non-resonant solutions, but the ones 
shown are " best " when the two resonances and 
consistency are required. One concludes that the 
available np data are consistent with the photoproduc­
tion results of Peierls10) and, in addition, suggest a 
P 1 / 2 resonance near 950 MeV. 

Fig. 2 The np scattering amplitudes, Aj, are plotted against laboratory pion kinetic energy. 
The real and imaginary parts of Aj = Al±± = Al± deduced from a " least squares fit " of 
the experimental data are marked by points (.) for "preferred so lut ions" and by crosses (x) 
for " alternate solutions 
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DISCUSSION 

F E L D : F ig . 1 indica tes t h a t t he AK p r o d u c t i o n d a t a are 
cons is ten t wi th a P ^ r e sonance in t e rp re t a t ion such as D r . 
L a y s o n h a s p o i n t e d ou t . 

L A Y S O N : Yes , he re all d a t a a re inc luded which were avail­
ab le u p t o th ree m o n t h s ago a n d y o u see t w o possible fits, 
one h a s a r e sonance energy of 900 a n d the o t h e r 920 M e V wi th 
wid ths of the o r d e r of 100 M e V . T h e r e is cer ta inly s o m e k ind 
of b u m p there a n d i t cou ld be fitted in several different ways . 

H O H L E R : I w o u l d like t o m e n t i o n t h a t the s u m rule has no t 
been t a k e n i n t o a c c o u n t in C r o n i n ' s ca lcu la t ions . If an un -
sub t r ac t ed d ispers ion re la t ion is used , the resul t for D(~) is 
c h a n g e d apprec iab ly a t h igh energies . T h e r e is a sl ight ind ica t ion 
of a new r e sonance in the isospin one-ha l f a m p l i t u d e a t 900 M e V 
in the d i ag ram, which h a s been s h o w n in the talk. 

M A N D E L S T A M : I a m j u s t a li t t le bi t puzz led as to h o w , even 
wi th t he energy dependence , y o u can get i n fo rma t ion a b o u t 
m o r e th ings t h a n y o u p u t in the da t a . F i rs t , a m I r ight in saying 
t h a t even after t he a s s u m p t i o n s , a b o u t D 3 / 2 a n d F 5 / 2 , you still 
w a n t t o get o u t m o r e n u m b e r s — t a k i n g the rea l a n d complex 
p a r t a s t w o n u m b e r s — t h a n the n u m b e r of th ings y o u p u t i n ? 

L A Y S O N : I t h i n k we s h o u l d expla in tha t . A s I sa id we p u t 
in t h e D 3 / 2 a n d F 5 / 2 a s r e s o n a n t p h a s e shifts direct f r o m the 
Bre i t -Wigner fo rmu la . I t t u r n e d o u t t h a t the F 7 / 2 was negligible 
so this is e l imina ted . N o w the o the r p h a s e shifts were n o t fit 
a t j u s t o n e energy. It w o u l d cer ta inly be hopeless t o t ry t o d o 
a n analysis a t o n e energy, so w e s ta r ted wi th the resul t s a t 
300 M e V as r e p o r t e d by P o n t e c o r v o , a t t he Kiev Conference 
three years a g o a n d we w o r k e d u p f rom the re . E a c h t ime in 
the ca lcu la t ion we used as i npu t , the resul ts f rom the next 
lower energy in con t inu ing a cons is ten t p h a s e shift fit, so in 
fact we did n o t get ou t m o r e t h a n we p u t in. 

M A N D E L S T A M : I a m puzz led t h a t y o u did n o t get ou t m o r e 
t h a n y o u p u t in. Y o u have , say, n pieces of d a t a wh ich vary 
s m o o t h l y wi th the energy. N o w y o u w a n t t o get o u t n+m 
resul ts which a lso va ry smoo th ly wi th the energy. Surely you 
can t a k e m of t hose ex t ra d a t a t o b e a rb i t r a ry , p rov ided you 
m a k e t h e m vary smoo th ly wi th the energy a n d still get n m o r e 
curves ou t . W o u l d you n o t have a n m fold a rb i t ra r iness restr ic ted 
by the fact t h a t this m fold a rb i t ra r iness h a s t o vary smoo th ly 
wi th t h e e n e r g y ? 

L A Y S O N : N o , let us c o u n t the n u m b e r . W e will a s s u m e there 
a re 7 of the A% b u t we a re d r o p p i n g the F 7 / - a because there 
is n o evidence of th is , so we have t hen 6 x 2 = 12 u n k n o w n s , 
b u t the D 8 / 2 a n d the Fbrz a s s u m p t i o n takes o u t 4. W e have 
the d a t a which a re 6 am t he fo rward sca t te r ing ampl i t ude , a n d 
the to ta l cross-sect ions, so it co r r e sponds . A t one energy we 

wou ld n o t t rus t this m e t h o d b u t w h e n we a r e cons ider ing 
s m o o t h l y vary ing so lu t ions , I t h ink it m a k e s sense. 

M A N D E L S T A M : I t h ink t h e or ig inal analysis which gave 
those 4 pieces of d a t a c o m e s ou t of the 8 pieces of d a t a y o u 
q u o t e . So of those 8 pieces of d a t a y o u have , 4 of t h e m original ly 
wen t i n to the ca lcu la t ion of these D 3 / 2 a n d F 5 / 2 r e sonance , 
a n d you h a v e 4 over which y o u c a n p lay wi th . 

L A Y S O N : N o , I d isagree. T h e a s s u m p t i o n of t he amp l i t udes 
is i ndependen t . It c a m e f rom the s h a p e of t he r e sonance in 
the to ta l cross-sect ion curve bu t it d id no t have any th ing to d o 
wi th the angu l a r d i s t r ibu t ion . 

M A N D E L S T A M : W h a t ! H o w did y o u get the / a s s ignment 
w i thou t k n o w i n g angu l a r d i s t r i bu t ions? 

L A Y S O N : W e t o o k it f rom p h o t o - p r o d u c t i o n ; this is an 
a s s u m p t i o n . 

M A N D E L S T A M : Yes , b u t p h o t o - p r o d u c t i o n a n d sca t te r ing 
a re surely cor re la ted ? Y o u c a n n o t get twice as m u c h in fo rma­
t ion a b o u t wh ich p h a s e shifts a re p r e d o m i n a n t by e x a m i n i n g 
p h o t o p r o d u c t i o n a n d sca t ter ing . 

F E L D : I t h ink t h a t th is on ly m e a n s t h a t t he d a t a a r e con­
sistent , t h a t is t o say t h a t t he p h o t o - p r o d u c t i o n a n d the sca t te r ing 
a re cons is tent . W h a t w e l o o k e d for was , if y o u wish, local 
m i n i m a in the so lu t ions , local least square-fi t m i n i m a in the 
12 d imens iona l a r r a y which were stat ist ical ly comple te ly con­
sis tent wi th the d a t a a n d which a l so were in the reg ion which 
w o u l d c o r r e s p o n d t o D 3 / 2 a n d F 5 / 2 r e sonances . Th i s does n o t 
m e a n t h a t one cou ld n o t h a v e got , by l ook ing a t o the r reg ions 
of this 12 d imens iona l space , o the r equa l ly g o o d if n o t be t te r 
so lu t ions ( a l t hough these were perfectly sat isfactory) , which 
wou ld a l so have var ied mono ton i ca l l y wi th energy, a n d been 
equa l ly cons is tent . W e did n o t exp lo re t hose reg ions j u s t for 
the r e a s o n t h a t w e d id n o t have e n o u g h i n d e p e n d e n t d a t a to 
d o th is . W e d id exp lore , we t h o u g h t , far e n o u g h , in the vicinity 
of the genera l r eg ion c o r r e s p o n d i n g t o these r e sonances to 
satisfy ourselves t h a t the re were n o t any spur ious so lu t ions 
which w o u l d in fact h a v e different behav iou r t h a n the ones we 
were look ing a t . Th is m e a n s t h a t in s o m e n o t very un ique ly , 
n o r very precisely defined reg ion of this 12 d imens iona l space 
which con ta ins wi th in it amp l i t udes cons is tent wi th t he D 3 / 2 

a n d F 5 / 2 r e sonances there a re so lu t ions which have the s m o o t h l y 
behav ing cha rac t e r which was s h o w n in the curves . B u t these 
a re n o t u n i q u e so lu t ions , a s far a s we k n o w a n d we will n o t 
be ab le to tell any th ing a b o u t the un iqueness unt i l we h a v e m a n y 
m o r e pieces of d a t a t h a n a re n o w avai lable . 

M A N D E L S T A M : So in o the r w o r d s y o u a re saying t h a t the 
d a t a a re consis tent wi th the P 1 / 2 r e sonance a t t h a t energy, 
bu t d o n o t p r o v e i t .W 

(*) T h e a u t h o r s of the p a p e r la ter exp la ined t h a t the angu l a r d i s t r ibu t ion in t he b u m p a t 900 M e V is n o t cons is ten t wi th o n e r e sonance 
only a n d t h a t , if one tr ies to fit it wi th the F 5 / 2 wave a n d one o ther , the only possibil i ty is t he V1/2. In t h a t case a P 1 / 2 r e sonance 
w o u l d be very p laus ib le . 
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L I N D E N B A U M : I wonde r , you have resonances a t t he s ame 
energy in different a n g u l a r m o m e n t u m s ta tes for b o t h the n 
in te rac t ion a n d the s ta tes t h a t a r e respons ib le for the AK 
N o w the ques t ion I w o u l d ra ise , is t h a t it w o u l d b e s impler 
t o u n d e r s t a n d w h a t is go ing o n if the re were one well-defined 
r e sonance o r if as ind ica ted a coup le of well-defined resonances , 
o n e w o u l d expect t h a t they fed b o t h t he n i n te rac t ion a n d the 
s t r ange par t ic le in te rac t ion . Y e t they a re sepa ra t e a n d c o m e 
a t t he same energy. I w o n d e r w h a t y o u r c o m m e n t is o n 
t h i s ? 

F E L D : I w o u l d say t h a t for wha teve r r easons , a n d the re have 
been a n u m b e r of d iscuss ions of th is possibi l i ty , it w o u l d a p p e a r 
to u s very likely f rom these analyses t h a t the second T = y2 r e so­
n a n c e is n o t in a single angu l a r m o m e n t u m s ta te b u t r a t he r in 
a t least two . A n d tha t , in fact, these compl ica ted r e sonances 
( resonance in the sense t h a t t he imag ina ry p a r t of t he sca t ter ing 
ampl i t ude goes t h r o u g h a m a x i m u m a n d the rea l p a r t shows 

a dispersive form) b o t h feed the inelastic sca t ter ing processes 
a n d also the s t range par t ic le p r o d u c t i o n processes . However 
in the case of the AK p r o d u c t i o n process , the th reshold is so 
close to the r e sonance , a n d the m o m e n t u m dependence on the 
ou tgo ing iT-meson is so s t rong , t h a t it decreases the effective 
wid th ( a l t hough n o t the int r ins ic width) of the F 5 / 2 r e sonance , 
as far as feeding the AK p rocess is concerned . Therefore the 
F 5 / 2 r e sonance shows itself on ly in effects o n the angu la r dis tr ibu­
t ion of AK where a smal l F - w a v e amp l i t ude c a n have a large 
effect, b u t n o t in t he t o t a l cross-sect ion. 

F R A Z E R : Wi th respect t o the coincidence of t w o resonances 
a n d a lso wi th respect to t he la rge a b s o r p t i o n y o u found in the 
D-wave a r o u n d the pos i t ion of the second resonance , it m a y be 
tha t all th is c a n be u n d e r s t o o d , a t least qual i ta t ively o n the 
basis of t he m o d e l in which o n e concen t ra tes o n e ' s a t t en t ion 
pr imar i ly o n the inelastic processes , par t icu lar ly o-meson p r o d u c ­
t ion as was discussed by Ball a n d myself. 

ON THE APPROXIMATE y 5 INVARIANCE OF STRONG 
INTERACTION THEORY 
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Recently questions of the manifestation of sym­
metry properties at high energies have been widely 
discussed. For example, Gell-Mann considers the 
symmetry properties following from the interaction 
invariance under the three-dimensional unimodular 
group. On the other hand, a number of authors 2 ' 3 )  

et al. have raised the question of the existence of 
vector bosons with strong interactions of the form : 

In the present note we discuss the following hypo­
thesis : for high energies and large momentum transfer 
Sjt^tn2 the matrix elements of all physical processes 
are invariant under the y5 transformations of spinor 
particles. 

The exact meaning of the y5 invariance will be 
illustrated in the following for different physical pro­
cesses. We note that in the case of an y5 invariant 
interaction, non-invariant terms appear in the scatter­
ing amplitude due to the presence of mass terms of 
the spinor particles in the free Lagrangian ( *\ 

(*) H e r e we del iberately m a k e a n a s s u m p t i o n a b o u t t he absence of degenera t ion in the theory , s ince the lat ter , as h a s been shown 
i n 4 ) can lead t o t he a p p e a r a n c e of y 5 - i nva r i an t t e rms . 

where Ba(x) is the vector boson field, Ia(x) is the_strong 
interaction vector current equal to Ia(x) = Ig^if^i. 
It should be noticed that interaction Lagrangians for 
weak, electromagnetic and strong processes of the 

form (1) possess one common property: they are in­
variant under y5 transformations of spinor particles 


