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We hav·~ studied the interactions 

+ + 1r + n 

and> 
.Tr +p-n-;-w 0 +p 

(a) 

(b) 

in t~7 Lawrence Radiation Labor_atory 7Z:·in. Hydrogen Bubble :.:.:hamber exposed 

to a 3. 3 :t: 0.1 Be vIc '11: .. beam from the Bevatron. The beam momentum and un-
. '. -, . " ' 

·. certaip.ty were deter1ninE!d by the measured momentum distribution o£ incoming 

tracks o£lep.gtb greate_r than 60 em and proper entrance angles. 

Data reduction was performed with the FOG CLOUDY FAIR system. With 

the above beam momentum and.u~<;e~tainty, two-prong events were fitted_ to re

actio~ types (a)_and (b). Events with proper beam acceptance angles, converging 

iterations, an~ .X 
2 

values ~ 5.5 for eithe.r· reaction were examined. Separation 

into reaction {a) or (b) was done by determining the ionization and range o£ the 
'I . 

positively-.cha,rged track!S'; up to 1.0 BeV/c momenta. The missing neutral 

masse_s were c~mputed !or ,both types by using measured parameter values. For 

the separated eyents; Jhe di~~ribu~ion of missing mass squares o! (a) gave a peak 
I 

at the neutro.n mass and anothe .. r near the_ (n + Tt 0 't mass. For (b), we obtained a 

peak at the Tr.
0 ~aiJS, a.nd enhancement at the 11 mass. · The missing mass squares 

were computed by Mg = (E~- + Mp- E!- z i s 2 
E + ) - (P • - P -P + ) • 

'IT ' p 11' 11'- 'n' ' p 
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Cuts were then hnposed to de£in~ the desired neutral masee_e !or the. entire 

sample. .liurther, a "good :~.uceasur.enl.ent 11 _criterion was applh:d to the entire 

data. Including 1700 elastic inh~ractiotla·. a total oi SOOO two ... pro:~lg eventlli 

were measured. ·rhus, 532 evenu. were identili.ed. ~a reactiOtl (a.) and 365 

events as reaction {b): these include 30 half-weighted ambigucnu~ ewenu which 

had high momentum trans{el·s to the nucleon. 

Experimental Results. We have computed. the "dipion" eff-ective :rnaelfio w, the 
. . ' ·. . . l z .. ·. . ·. 

in.vartant momentum transfer to the nucleon; t e 6 /~ , and the angle between 

the incoming and outgoing 'n. in t.he barycentric system o£ the fi~a.l pions. e'lf'l'r" 

The beam momentum uncertainty contributed approximately 15 MeV to the el"ror 

. in w and other errors brought this to about 35 MeV; accor.dingly we cho:tH~ to 

histogram w in SO MeV interv:l.ls. ~ .... igures l(a) and l(b) show the histogram 

· olthe ''dipion" mass !~r the (w·w+) and (w.'lr 0} state~, respectively. The (1f .. ,w0 ) 

' - . 

spectrum is strongly peaked at wr = 775 MeY, which accounts for the p- mei!Jon.. 

The dashed curve in Fig. 1 (b) re,presents the sum of 50o/o lntrariant phase sp~ce 

and 50o/o invari,ar~t phase space with a normalized :Biteit-Wigner resonance term 
. ' z z. . . ' . . . · .. 

o£ the i'orm N/l (w-wr) -t (r/Z) ] • The ·reconance term used haa a value of ~utl 

' width at halt maxhnum r =oi 125 Mev. This curve) is norrnalized to .the P. peak. 

The (1T-, 'IT+) opectru,m is also·st,rongly peaked at a central value of-wr = 175 MeV, 
. ' 

which accounts for the p0
· meson; however, here the reson~nce width appe~ra 

to be broader than .the Width of th.e · p • meson. · With the mixture o£ in~aria.nt 
: / . . . .· . . ' 

phas~ space andphase:space with resonance, dett'lrzrtined by the p .. spectruh'\; 
) . 

the dashed ~urve in Fig. l(a) is computed· by using a value o! I''= 175 MeV~ 

This curve fits best around the p 0 :region· and is normalized to the· p0. pea'k~ 
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- + . A second peak in the ('II' , 'II' ) sp,~ctrum_.is observed with a central value 

· wr-= 1250 MeV and a width of r ~t~ 200 MeV. Similar peake have been seen in 

two recent experiments. 1• 
2

• 
3 

The shoulder seen around ;1050 MeV which ap-

pea.red to be resolved at an ea..rlier. stage of this experiment has lost it8 reso-
- ' 

lution in this final analysis •. 

To etudy the resonant behavior of_these peaks we have constructed distri• 
. 2 z 

butions in. cos 9'11''11' for several segments of the w spectrum. _Due to the w /tJ. 

va 1:!:.
2 

/tJ.
2 phase-space limitations, the angular d~stributions are presented with 

lower limits of t chosen as tmi· ~o for 275 < w < 1000 MeV, and t . = 4.0 tJ.
2 

. n m1n 

for 1000 < w < 1450 MeV. Distributions were made in t for various segments 

of w in both reactions~ All of these distributions showed a characteristic de-

l z 
pendence t/(t + 1) • Most of the events were confined to values below t = 25 tJ. , 

the rest being dispersed in a tail extending to t = 275 tJ.
2

• Accordingly, the - max 
2 angular distributions are 'presented with the upper limit of i = ZO tJ. • Figure 2(aJ 

. • Zo ia the angular distribution at t~e p resonance showing a characteristic cos '7 

dependence over a constant background, 700 ~ w(n'"', w0 ) < 850 MeV. Figure Z(b) 

h the angular distribution above the 9 • resonance, 850~ w(w'"', .,0) < 1000 MeV. The 

forwatd . peak indicates that the p-wave phase shift 61, has crossed over 90•. 

Figure Z(c) shows that the angular distribution .at the p 0 · resona.rice is strongly 

peaked in the forward direction, 700 .- w( 'II' .. , 1r +) < 850 MeV. ·This ~ehavior con:

tinues after the p 0 resonance as seen in Fig. Z(d), 850~w(1T.,1T+)< 1000 MeV. . . . 
This indicates that an .s ... wave or a d-wave phase shift from the isotopic spin 

T a 0 component of the· {'If, 1r +) state is sufficiently strong· to interfere· with the 

p-wave phase shift of the T = 1 component 6
1

, such that it prevents the ef!ective 

phase shift from reaching 90• at the p0 resonance. The T = Z component h 

ruled out for ~uch a behavor since it would. have appeared in both reactions. 
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·~'igures 2(e), (!), and (g) show the anguta;r, distribution before the peak • 

- + ' ' =- + ' 
1000 " .. w(n ,·n) < 1150 .M:cV, a.t the 1250 MeV peak !150~w(11' _'TT) < 1300 MeV, 

and aft,~r 'the· peak lJOO ~ w(w·, n+) < 1450 .MeV, respectively: .l?''ig. 2(£) is a hon-

isotropic symmetric distribution. 
.. + ' 

The 1250 MeV peak is seen in the (n , n ) 

state and not in the {1t-, 11°), so that this resonance has isotopic spin T = 0; 

. whereby, it is confined to even angular momenta. Although Fig. 2(£) does not 

show the characteristic d-wave hump at 9
11 

.. " = 90•, the J = 0 value is ruled 

out by nonisotropy. Da.litz plots were constructed for reactions (a.) and (b). 

Figure 3 represents the projections of those plots in terms of the final pion 

react.ion center of mass kinetic energies, Tn • The curves shown are the 

invariant phase~space integrals normalized t·o the total ~rea of each histogram.· 
' ' 

The position of possible pion-nucleon resonances are indicated accordingly~ 

Figu·re 3 (a
1

) and (a
2

) are the T and T .. projections, which are equivalent 
. n+ n 

to the (n·, n) and (n +, n) effective mass spectra, respectively •. No appreciable 

deviation from phase space is seen in either state. · Figure 3(b
1

) and (bz) are the 
I 

T and T projections, giving the (n-, p) and (nC), p) effective mass spe¢tra, 
n" n· · · 

respectively. Deviations !rom phase space are evident in both states. The T-
0 

1r' 
distribution has a 4-standard-deviation peak correspc>nding to 2400 MeV(,- ,I)) 

effective m~ss. The T di.stribution has a 3.5-s~andard-deviation peak at ~he· 

·N;/2(1238) position. ·I£ ~~e pea~ in the T ~ distribution is assume.d to b~ duE~ to 
* . n . . . 

the N3; 2 UZ38) resonance. th~n the Z400 MeV peak in the T ,.o distri'~ution must 

be considered as spurious. An examination of the Dalitz plot .o£ reaction (b) shows 

that 40o/o of the eventi at the Z400 MeV region of T .. · come !rom the N;/z(l238) . 
no 

of T • and 25o/o from the p- resonance. - ' 

. . 
In reaction (a) the final state n-n resonances dominate over (n;,n) inter-

. ' 

actions, whereas in reaction (b). with the presence o£ .a single 'lf•1r :resonance, the 

remaining phase space is av-ailable to the pions for any (n, p) interactions. 



-5- UCR.L-~l'OTlO 

Conclusion. The striking diflerence in the angular distribution between the 

p 0 an~ p • . needs further explanation. This difference seems to be inde-
5 . . . . 

pendent of energy. If the. apparent enlarged width of the. p0 ie due to an ad-
. I 

jacent w 0 production which decays electroma&-netically 6 into Zw • a, then the 

same process cannot explain the forward peaking of th~ p 0 angular distribution - ' . 
for the following reason. In reaction (a), virtual (;;.. 0 production would be through 

a p +exchange, whereas a p0 production proceeds through a w+ exchange; it has 

been indicated 1 that the w-w an~lar distribution combined from both processes 
' ' z 

would still be symmetric and of the form a + b co• a,,. 
Recent experiments of high energy p-p elastic scattering indicate that the 

. 4 . z 
first Pomeranchuk trajectory may have a slope of Ql:> (0) = 1/80 ~ • If the 

. . 1 ' 
Regge singularities are confined to sbnple poles and it a constant slope of Regge 

trajectories ia assumed8 over a wide energy range, then the 12.50 MeV T = 0 w.w. 

resonance can be interpreted la.s the physical mapifestation of P 1• Recently, a 
· . lZ · · 

second Pomeranchuk trajectory P 2,. with the intercept value QPz (0) • 0.5, has 

been poetulated. 9-lZ Under the above assumptions this should manifest itseli 

aa a T. c: 0 w-w resonance at 1800 MeV, which ie above the phase-space limitations . . ' ' 

of this experiment. 

I am grateful .to Prof. Wilson M. Powell for his eup~rt and encourage-

. ment and to Dr.· Robert W. Birge for numerous. discussions and guidance. 
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) 

Thh 
I 

Powell-Birge research group. I would like to thank Prof. Luis W. Alvarez and 

hill group for the bubble chamber exposure, and the data analysis group of Howard 

White for the data reduction. 
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Figure CaptionG 

:Fig. l(a) Sp~ctrum ofw('IT·,n+) fri.)m 532 events ~frt~action u- t p _,. + 11"+ + n. 

Dashed curve: SO%.' invarJ.<4nt phase space and 50o/o invariant phase space 

with Br.cit- Wigner resonant terr.£1 using rr = 175 .oVi.e V. wr = 775 MeV. 

(b) Spectrum of <.)('1T-,n°) fron1 365 evellts o£ reaction n.,·t p- n· + n° -1 p. 

Dashed curve: same as ir.l (a) with r .. = 1.2.5 Me.V, w 3: 775 MeV. 
r r 

Fig. 2. Distributions in cos '3
11
,, the angle between the incoming and outgoing 

and 

" 
(a) 

(b) 

(c) 

(d) 

(e) 

in the barycentric system of the final pions, for 

700~w(n-,n°)<850 lv!eV, ~ndt , 
m1n 

2 < t ~ 20 ~ • 

850~w(1T-,n°)<1000MeV, and t i 
. mn 

l < t ~ 20 IJ. • 

·z 
.;;; lO 1J. , - + 700 ~ w(n ,'IT )< 850 MeV, and t . < t nun 

- + z 850 ~ w(n ,n )< 1000 MeV, and t . < t llti 20 1J. , nun 
- + . 2 ~ 1000 ~ w(n , 1T }< 1150 MeV, and 4.0 f.1 < t < ZO fl , 

f - + z z () ll50~w(n •" )<1300MeV, and4.01J. <t~Z0f..l, 

) - + 2 l (g 1300 ~ w(tr , 'IT ) < 1450 MeV, and 4.0 fl < 5 "'ZO f.1 • 

Fig. 3. Projections of Dalitz pl()ts in terrns of final pion c. m. kinetic energies. 

- - + ) (a 1) and (a 2) are projections from tr + p- n + tr + .n: (b1) and (b2 are 

from 'IT- + p- n- + tr 0 + p. Solid curves are phase-llpace integrals. 

Position of possible N* ·resonances are indicated by .arrows. 
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Fig. 1. 
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(a) (b) 

30 89 events 67' events 

0 

40 (c) (d) 

99 events 55 events 

(/) 

30 -c: 
Q) 

> 
Q) 

~ 
20 

0 

"-
Q) 

..c 
E 
:J 
z 

0 
20 

(e) (f) (g) 

29 events 39 events 

10 
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-1.0-0.6-0.2 0.2 0.6 1.0-0.6-02 0.2 0.6 1.0-0.6-0.2 0.2 0.6 1.0 

Cos . B1rv 

MUB-1684 

Fig. 2. 
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Fig. 3. 
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