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ABSTRACT 

*- :.:<++ A measurement of the mass and width difference of N -N is de-

* scribed, where N is the nucleon resonance of spin and isotopic spin 

3/2 and mass approximately 1240 MeV. The resonances were produced 

in the inelastic reactions n n - p n 'IT' and p p - n p 'IT'+, which are 

kn d 1 . 1 . N*- d N*++ . . d . own to procee a most entlre y v1a an pro uctlon, resr:ec-

tively, in the observed energy region. A comparison of the {n '!T' -) and 

+ (p '!T') effective mass distributions gives a mass difference of 7.9±3.9 

*- :;"++ MeV and a width difference of :24.7 ± 14.2 MeV for N -N . This 

result agrees with predictions based on the SU(3) and SU{6} symmetry 

schemes. 
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)::_ :',(++ 1 
We report here a measurement of the N -N mass difference 

*· ow
0 

and width difference or 
0

. N is the nucleon resonance oi isotopic. 

spin 3/2, Jp =3/2+, and mass approximately 1240 MeV. 

The resonances were produced in the inelastic reactions 

n n - p1 n2 'IT 3' 

+ 
p p - n1 p2 'IT 3' 

(1) 

{2) 

at a mean c. m. energy of 2.35 BeV. At this energy Reactions (1) and 

*- *++ {2) are known to proceed almost entirely via N and lN production 

respectively. 2 • 3 We determined ow
0 

and orO by a comparison of the 

distributions in the invariant mass, w23 , for both reactions. 

* p + In the SU{3) symmetry scheme N is a member of the J = .3/2 

* ...... * - 4 decuplet, along with Y , .::. , and n . Okubo has recently pointed out 

5 
that, because of electromagnetic mass splitting, the Gell-Mann-Okubo 

mass formula is valid only for particles with the same charge,. and in 

*-particular a knowledge of the N mass is required for the ~omparison 

,....- -*- -*- *- . *- N*- *-~£ - A = A · - Y = Y - The decay width of N is also 

needed to test the predicted relationship between the decay amplitudes 

. -* >',( * 6 of the decuplet particles ;::.. ; Y , and N . In addition, the measured 

mass difference can be compared with the prediction~ of the various sym-

metry schemes. 

In Section I of the paper the predictions of electromagnetic mass 

splittings within the framework of the SU{3) and SU(6) symmetry schemes 

are discussed. Section II contains the experimental details, and Section 

ill considers p.ossible systematic errors in the data. Section IV presents 

the results, and discusses the problem of elucidating resonance parameters 
; 

i· .. . ,. 
from plots of invariant mass. In Section V the experimental measurement 

is compared with predictions based on the SU{3} and SU(6) symmetry 

schemes. 
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·I. Electromagnetic Mass Splitting 

The masses of particles within a given SU{2) representation are be-

lieved to be identical in the limit of isotopic spin invariance. The electro-

magnetic force removes this degeneracy, giving rise to mass differences 

of the order of a. tn (a. is the fine -structure constant). In principle, the 
TT . 

mass differences within an isomultiplet are obtainable by a calculation of 

the electromagnetic self-energies of the particles therein. The attempts 

to calculate self-energies for strongly interacting particles, within the 

framework of a perturbative expansion of field theory, have been unsuccess-

ful. 

In the unitary symmetry scheme isomultiplets of different hypercharge 

are gr~uped into "supermultiplets" (or unitary multiplets) which form bases 

for irreducible representations of the SU{3) group. It is postulated that, 

in the limit of exact unitary symmetry, the masses of all particles within 

a given SU(3) representation are identical. The observed mass differences 

between isomultiplets within a unitary multiplet are of the order of 100 MeV, 

and are believed to arise from the "medium-strong" force. By making the 

assumption that unitary symmetry is violated only by the electromagnetic 

interaction, it is possible to relate the mass splittings within diffe.rent 

isom}.lltiplets of a s'ti.permultiplet. In the baryon octet, for example, the 

d . t' 7 pre 1c 1on ':;'- ...... o .._..- + . 
of ....... - ,::. = kl - :!; + p - n has been experimentally con-

firmed. 
8 

For the 3/2+ decuplet, of which N::< is a member, 'the relation-

ship 

-· - (-3} -· 

is pred~cted, 9 where Q is the charge and a and b a1·e constants. 

Coleman an:d Glashow have noted that the mass splittings within an 
I 1 

SU{3) supermuitiplet follow an octet pattern, and have proposed a dynamical 

theory of unitary symmetry violation, namely tha~ symmetry-breaking 

• 
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processes are dominated by "tadpole" diagrams because o£ the existence 

10 I + o£ an octet o£ scalar mesons. For the 3 2 decuplet such an octet 

dominance leads to an "equal-spacing" rule for electromagnetic splitting, 

*++ *+ *+ *0 *0 *-N -N =N -N =N -N, 

*+ *0 *0 *-=Y -Y =Y -Y 

It also gives an intramultiplet relationship 

>:Ctt *+ 
N -N 

N * * - y N-:S 

'='*-
- >-< 

*++ *+ - ! *++ *-which yields N - N = -3 .• 0 MeV and N - N = -9.1 MeV. These 

predictions must, however, be modified by the contributions o£ other mass-

splitting diagrams. The leading nontadpole contributi'0n to the electro-

magnetic self-masses of baryons comes from intermediate states con~· 

11 
taining one baryon and one photon. The tadpole and nontadpole contri-

butions to the electromagnetic mass differences are shown in Table I. 

Dashen and Frautschi have proposed a bootstrap mechanism to explain 

octet dominance of the mass splitting. 
12 

Higher-order effects in this model 

again reduce the splitting and alter the equal-spacing pattern. 

The group SU(6) contains both SU(2} an,d SU(3) as subgroups. In 

the recently proposed SU{6) symmetry scheme the baryon octet and the 

? .:: 3/2+ decuplet are assigned to the 56 -dimensional representation of 

SU{6 ). 
13 

The relations between the 10 mass differences in the 56 repre-

sentation have been derived in the limit where SU{6) symmetry is broken 

I • 14 
by electromagnetism only: 

-=- '::'0 - + ..... - ,_ = (Z - :E ) - {n - p), 

*0 *+ *0 >!-:+ 
N N = y y =n - p, 

·'· ~\:0 ):c- ):co ......,.,.:(- ,_J,(O ..,._ 
N N = y y = .:::. - .:::. 

)): - >:<:tt 
N - N = 3{n - p) . (4) 

The relationship between the decuplet memb~Frs are identical with Eq. (3) 
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II. Experimental Details 

Two conditions are. desirable to achieve a precise measurement: 

(1) Reactions (1) and {2) should occur under identical experimental 

conditions. 

(2) Both reactions should occur at the same energy. 

Condition (2) is necessary because the shape of the invariant-mass 

plot depends on the production mechanism, and a quantitative description 

of the production mechanism as a function of energy is not available. ·By 

* observing ;N production in charge -symmetric reac~ions at the same· 
I 

energy one ensures that any difference in the invariabt-mass plots is due 

to electromagnetic effects only .. 

The reactions were simultaneously achieved at the same energy and 

under identical experimental conditions l;>Y the interactions of a beam of 

3.64-B.eV /c separated deuterons
15 

with deuterium in the Brookhaven 

National Laboratory 20~inch bubble chambe.r. In the majority of d-d 

collisions one nucleon in each deuteron is a spectator. Reactions {1) 

and (2) occurred in the interactions 

dd ( 1a) 

and (2a) 

respectively; the subscript "s" denotes a spectate::.·, either in the beam: 

" rr th "T." deuteron B or e target deuteron 

Selection of Events 
I 

In Reactio-n (1a) the target sp~ctator proton is not seen in the bubble 
'· 

chamber in 7o%·ch the interactions because its momentum is less than 90 
1' ~ 

MeV/c. Therefbre, we scanned for events with three outgoing charged 

• 
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·particles, since the proton in the target deuteron is then clearly a spectator. 

·All told, 2870 events were measured and constrained to the hypothesis: 

dn- ppnrr ( 1b} 

assuming that the target neutron was at rest in the laboratory system. 

In addition to Reaction (1a), the (1b) events include the pn reactions: 

B T dd-n p pprr 
s s 

described below. 

The subtraction of pn events from the· sample is 

Reaction (2a} was found by scanning for events with two emergent posi

tively charged particles, of which one is a rr+ meson. In Reaction (1a) the 

maximum rr- -meson momentum is 900 MeV /c and its mean value is 350 MeV /c, 

and the Tr + me son in {2a) is thus readily identified by momentum and .bubble 

density. All together, 1687 events were measured, and were constrained 

to Reaction (2) with a beam p.r:oton~:tnomentu:rii' of. 1.'82 ± .. o: 09 ;BeV I c and .~he target 

proton at rest. The momentum spread of the beam proton was obtained by 

transforming to the laboratory system the known proton momentum distri-

bution in the beam deuteron rest system. The calculated distribution is 

approximated fairly closely by a Gauss.ian with 0' :: 0.09 BeV/c. 

The effect of ignoring the target motion in constraining Reactions {1b) 

and (2) is to broaden the X 
2 

distribution, relative to a X 
2 

distribution 

f . d f f l In . f' th 2 
or a genu1ne one- egree -o - ree nom event. a one -constra1nt 1t e X 

value is approximately [(MM)- MN) / .6.MM] 
2

, where MM is the calculated 

missing mass, MN is the tru'e mass of the outgoing neutral particle, and 

.6.MM is the experimental error in missing mass • 

Neglect o! the target momentum PT shifts the missing mass downward 

by an amount ('t~t· Tn- !_'T • !.'n)/MM, where TT i~ the kinetic energy of 
. r·~ . 

the target partitl~ and P •and T are the momentum and kinetic energy 
n n . 

of the outgoing neutral particle. There is a correlation between large X 
2 
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values and high momenta of the outgoing neutral particle.. For this reason 

it was .necessary to accept all nn and pp events with >X 
2 ~ 10. 

The X 
2 

criterion was used to identify the events only; we did not use 

the constrained values of the particle momenta because of the uncertainty ·in 

·-~. -
the target momentum. In calculating the (rr' p) and (;r n) invariant masses 

we used the measured values of the particle momenta, and the neutron 

momentum was inferred from momentum conservation in Reaction (1b} 

with the target neutron assumed to be at rest. The neutron momentum is 

then uncertain by fT' the target momentum, in addition to the usual meas

urement errors. In consequence, the calculated (;r·:... n) invariant· mass ,L w _ , is · . · ;r n 

reduced ·from its true value by .6.Q = [(E /E )· {P · PTy - (P · PT)] /w _ . . ;r n -n - -.;r -. ;r n 

A Monte Carlo calculation shows that .6.Q .has a distribution with mean of 

-0.2 MeV, and root-mean-square deviation 6 MeV; its effect on the mass 

and width of the {;r-n) distribution can therefore be ignored. 

Two additional criteria were applied .to enforce a correspondence be-

tween the nn and pp events. 

{a) There may be a scanning bias against pp events with a short proton 

track. So we eliminated pp · events with P < 150 MeV J c, and nn events 
p 

with P <150MeV/c. n 

{b) The uncertainty in w23 , due to measurement errors, is greater for 

(;r-n) than for (;r + p ). The a v;erage experimental error in w
23 

is 3 0 MeV 

- + . for (;r n) and 20 M~V for (;r p}. We elimi!J,ated all events with an error 

exceeding 20 MeV. {No correlation was observed between w23 and its 

error.) .Then -the experimental error is the same in bot..h. reactions, and is 

*-I.+ small compared with the resonance width (r 
0 

= 120 MeV for N ' ). Th1s 
~4:. 

condition is imp'b~tant because the value of the resc>nant mass inferred 
<I 

,tl; . 

' 
from the invariant-mass distl'ibution is not independent of the width of the 

d . t 'b . 16 1s r1 utlon. 

.. 

• 
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Subtraction of Background from the Invariant-Mass Plots . 

Before the resonance parameters are inferred fr?m the invariant-mass 

plots certain background events must be subtracted. These are 

(a) pn rea.ctions which are mixed in with the nn events, and 

(b) nn and pp reactions which do not proceed via 
-·· >l:+..L N.,,_ and N ' pro:.. 

duction respectively. 

(a) For the nn events in Reaction (1.b) the beam proton is a spectator; 

in the pn event the beam neutron is a spectator. A beam spectator is 

identified by having a momentum of less than 120 MeV /c in the rest system 

of the beam deuteron. The transverse momentum distribution of such 

nucleons is shown in Fig. 1; it follows closely the Hulthen form of the 

deuteron wave function, giving evidence for the validity of the impulse 

approximation. In a total of 1091 dn interactions, 133 had a beam spec-

tator neutron and did not have a beam spectator proton. {In a strongly periph-

eral interaction, the interacting nucleon is sometimes indistinguishable from 

a spectator.) The (rr-n) effectiv~ mass distribution for these 133 events is 

shown in Fig. 2. They are clearly pn ..... pprr- reactions, as there is no evi

*-dence of N production. According to the measured nucleon-nucleon cross . 

sections in this energy region the ratio of nn to pn interactions is 5.2. 
17 

The expected number of pn events is then 176; the discrepancy is due to the 
. . 

experimental error in the neutron momentum which can shift it outside the 

limits for a high-en~rgy spectator - L4 < P < 2.3 BeV, 0 deg < 8 < 5 deg :-·where 

P is the neutron momentum and e is the ahgle it makes with the beam. The 

distribution in -Fig. 2 was normalized to a total of 176 events and subtracted 

from the (rr-n) invariant mass distribution (1091)events). 

(b) It is khgwn that Reactions (1) and (2) are dominated by one-pion 

h (OPE) '· th' . 2 • 3 If h . h . . 1 exc ange 1n 1s energy reg1on. t e reactlon mec an1sm 1s. pure y 

:~ 

one-pion exchange, and if N production is the rule, it is possible to show 
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from simple isotopic _spin considerations that charged pion exchange pre

dominates over neutral pion exchange in the proportions 9:1. Experimental 

b . . . tl h' . d' . 2 • 3 u d h o servatlons are 1n agreement w1 .. 1 t 1s pre 1ctlon. n er t ese con-

~ *0 *+ . ditions the reflection of N and · N in Reactions ( 1) and (2} is closely 

·approximated by the (TI'-p) invariant-mass distribution in Reaction (1). 

(Fig. 3). This distribution, norm~lized to 10% of the areas of the invariant 

mass plots w 23' has been subtracted from both these plots. By making the 

correction in this manner, the range of interaction energies is properly 

taken into account, and we avoid the problem of calculating the reflection. 

The corrected effective ma·ss distributions are shown in Fig. 4. They 

contain a total of 695 nn and 558 pp events in the interval 1140 to 1320 

MeV. These numbers do not reflect the relative cross sections, because 

not all the photographs used for the nn interactions were scanned for pp 

interactions. 

III. Possible Sources of Error· 
-;. 

Sincre the N. - mass is determined with a missing neutron while the 

>:<++ 
N is determined with two charged particles, systematic errors in the 

beam momentum o.r the magnetic field (or both) can simulate a mass dif-
1 ' 

ference .. This danger is avoided by using the value of the beam momentum 

obtained by curvature measurement on beam tracks in the bubble chamber. 

If the magnetic field value is incorrect (say 1 by 1 o/o)', the pion and proton 

momentum are overestimated by 1 o/o, but the neutron momentum is similarly 

affected, since.. it is calculated as _Pn = Ed - L:P • So~ ther~ is no .... -charged 

spurious mass difference induced by an incorrect value for the magnetic 
·~· ·:· 

field, provided tR~ beam momentum is estimated by use of the same value 
1 ~ ' 
f1 

for the magnetiC field. 

• 
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A systematic sagitta in the chamber would change the beam momentum 

and shift the ('IT-n) invariant-mass distribution. The maximum systematic 

curvature in the chamber has been estimated at 0.1X 10-4 em - 1, equivalent 

to 1 o/o of the beam momentum. 
18 

A 1 o/o change in beam momentum causes an 

average shift of 1 MeV in the effective mass. In fact, there is strong evidence 

that the systematic curvature in the chamber is considerably less than the 

. 1 d .18 max1mum va ue quote • 

In Reaction (1) target neutrons with momenta greater than 90 MeV /c 

are excluded. Hence the range of c. m. energies in Reaction {1) is restricted 

compared with Reaction (2). However I the requirement of a fit of Reaction 

(2) has the effect of excluding high Fermi momenta. As a check on the equal-·. 

ity of the range of interaction energies for the two reactions, the pion and 

nucleon momentum distributions are compared in Figs. Sa, Sb. The coinci-

dence of the momentum spectra leads us to believe that there is no bias here. 

IV. Determination of the Resoria,.nce Parameters 

·In the absence of any detailed knowledge of the reaction mechanism one 

>~ 
assumes that the N and accompanying nucleon are produced according to 

··-
phase space. Then the distribution in 0, the invariant mass of the N.,, decay 

products, is given by the product of three- body phase space and cj>(w), 16 where 

cp(w) 
'. wo r (w) 

= c~ . --..---.....-.....-----...--..----q 2 22 2 2 I 

{wo - w __ J + wo r (w) 
(5) 

C is a norrp.alization constant, and q is the momentum of the decay 
l(c 

products in the N restframe. Tne energy dependence of r is given by 

with p{w) = 

3 ''";"!' = r o {q/qo) p(w)/ p(wo), 

{ "2 . 2 -1 
a rn:,_\:, + q ) and a = 1.3 for . , ., ,. ' 

d . M V - 16 m , an q 1n e un1 ts. 
'IT 

The effectf'Ve mass distributions in Fig. 4 were fitted with Eq. (5) in 

the interval 1140 to 1320 MeV. The three :-body phase space was weighted 
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according to the known distribution of reaction energies. The values of w0 

and r 0 that minimize x 2 
are shown in Table II. 

Since Reactions ( 1) and (2) are known to be dominated by one .:pion 

OPE formula 19 

(6} 

where 0" 23 is the elastic scattering cross section for particles 2 and 3. 

The expr.ession in braces is the Chew -Low eros s section in the liinit that 

the exchanged pion is on the mass shell. The function £(~2 , w
2) is the 

o££-mass·,-shell correction, as given by Jackson, 
16 

2 - 2 - [<:~ +mz)2 + ~ 2 J. 2 [-(w- m2 )2 + liz l 
f(~ , w ) - ' 2 2 . 2 7 1 • 

L{w +m2) - mrr (w -m2 ) - mrr J 

Equation {6 ), integrated over ~ 2 , gives the distribution in w as a function 

of w0 and r 0 . This formula describes only the charged-pion exchange 

diagram and neglects the interference between the diagrams for charged 

and neutral pion exchange. 

The effective mass distributions were fitted with Eq. {6) integrated 

2 : . . 2 
over ~ . The results are given in Table II. The upper limit for ~ was 

set at 0.8 {BeV /c)
2

, in agreement with the observed .~2 distributi~n in th-e 

nn reactions. In fact, the result is insensitive to a 50o/o variation in this 

value. 

The values of ow
0 

and orO obtained by fitting the data with Eqs.(.(~) 

., ' 

and (6} are essentially the same. It is reassuring that the 
l:<++ . . 

N parameters 

are in good agreement with the values measured in elastic 

.which are (o>o ++C~ 1236 ± 0.5 MeV, r 0 ++ = 120± 1.6 MeV,.) 

. 20, 21 
scatterJ.ng, · 

• 
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The actual 'positions of the peaks in the invariant-mass pl~ts are 

- ' + ~· at 1219.7::!::3.4 MeV for (11 n) and at 121.7.4::!::3.2 for (11 Pl•: The peak 

values were determined by fitting the data with an S-waye Breit-Wigner 
T::\ 

amplitude multiplied into phase space. 

Since Reactions (1) anft (2) are dominated by OPE the values 

6wo = 7. 9::!:: 3. 9 and 0 ro = 24. 7'::!:: 14.2 are taken,as the best estimate of 

the resonance parameters." 

V. Discussion 

' ' + ' . 
Within the 3/2 decuplet, the following additional mass differences 

i!• 
have been reported: · 

*++ *O N - N =-0.45::!:: 0.85 MeV, 

y*- - y*+ .= 17::!:: 7 MeV, 

*- *+ ' Y -Y =4.3:!:2.2MeV, 

-*- -*0 57 3 0 .::. - .::. = • ::!:: • MeV. .. 

(Ref. 21) 

(Ref. 22) 

(Ref. 23) 

(Ref. 24) 

These values, together with the value reported here, are compatible 

with relations (3) and (4), pure octet dominance, and with the modified 
t 

tadpole theory. In particular, the SU(6) scheme predicts 

s:. • *- *++ 3 9 d . . I: 9 0 UWW"O = N - N = • M~V; pure octet . om1nance pred1cts uw0 = • MeV; 

modified tadpole theory predicts ow0 = 2.5 MeV. It is clear that our 

errors prevent us from distinguishing among theories with predictions in this. 

range. The value predicted for ow0 by using the measurements of Refs. 21 

through 24 ·to evalu~te the coefficients in Eq. (3) is ow0 = 4.8 ± 3.3. This, 

when combined with our direct Ir).easurement of 7. 9 ::t: 3. 9 yields : J 

*- *++ I N - N = 6.1::!:: 2. 5. 
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Table I. Tadpole and nontadpole contribution to the ele~~romagnetic 
- ... ! 

mass differences. 

Mass difference A(a) B(b) c<c) 

N*++ • N*+ -3 •• 0 0.2 4.4 

N*++ • N*O ' -6.1 -2.9 2.7 

N*++ ·N*· -9.1 -9.1 -4.9 

y*+ .. y*O .·, -3.0 -2.8 -i.4 

y*+- y*- ... 6.1 -9.1 -9.1 

y*O .. y*· r> -3.0 . -6 •. 2 -7.6 
.... *0 .... *-.. ... :;:.. -3.0 -6.3 -7.7 ..... 

(a) A is the tadpole term alone .. 

(b) B is the tadpole term plus the self-energy diagrams with a baryon 

octet member and a photon in the intermediate state. (see Ref. 11, 

page 95) 

' ,, 
\ ~ 

(c) C comprises B plus an estimate ~f the contribution to the self-energy 

diagrams from the decuplet channel. (see Ref. H., page 102). 

., 

,, 
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. * Masses, widths, and mass differences !or N (all in MeV). 
l. 

~. 
, 

N*-

:N*+t 

..... 1. 

N ... r 

N*++ 

f.· 

. . 

..I 

. I 

.. 

Phase space 

1240.7 :!: 3. 0 

. 1232.01:!:2.9 

J 
. ' 

i66.2.:t: 12.1 

"136. 5 :t: 11.4 

1~8:7 :1::4.2 

29.7 :t: 16.6 

,· 

'OPE 

1241.3 :t: 2.8 

1233~4 :.z. 7 -. 

149.2:1:10.4 

• I 

_ ... 

f • -
~ . 

I· . 

'. 

.-,· 
·.' 

' ·,, 

. ~- ~ ' 

;.t 

.. 

-·,'} 
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Figure Captions 

Fig. 1: Distribution in transverse momentum, PTRAN' of spectator 

nucleons in the beam deuterons. The smooth curve is the Fourier 

transform of the Hulthen wave function, folded into the transverse 

~ ~a~. 

Fig. 2: The (;r- n) invariant mass distribution in the reaction d n -. n~ p p iT-, 

where n~ is a spectator neutron in the beam deuteron. 

Fig. 3: The {;r- p) invariant mass distribution in t.l:te reaction n n- p niT- . 

..!.. 

Fig. 4: Invariant-mass distributions of ~iT- n) and (;r' p) in the reactions 

n n- n piT- and p p- n piT+. The (r/ p) distribution {558 events)' 

has been normalized to the area of the ('rr- n) distribution (695 

events). 

Fig. 5: (a) Normalized momentum distributions for ;r-and iT+ in the 

reactions n n- n piT- an,d p p- n p 1T+ t respectively. 

(b) Normalized momentum distributions for neutrons and protons 

in the reactions n n - n p iT- and p -p -+ n p ;r+, respectively. 
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B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor

mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 

of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
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