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>~ - - ~c + + -· * Me as u rem en t of the N · - N Mass D 1 f:f e·r en c e 

George Gidal, t Anne Kernan, and Sedong Kim 

Lawrence Radiation Laboratory 
University of California 

Berkeley, California 

August 17, 1965 

ABSTRACT 

~c- * ++ A measurement of the mass and width difference of N -N ·- · is de-

scribed, where N* is the nucleon resonance with I(Jp) = 3/2(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 rr·+, which are .known to proceed almost 

*- )~++ 
entirely via N and N production, respectively, in the observed energy 

region. A comparison of the (n n-) and (p n+) effective mass distributions 

gives a mass difference of 7. 9 ± 6.8 MeV and a width difference of 2-5 ± .23 

>~- >:<++ 
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 

owo and width difference or 0' 
>:C 

N is the nucleon resonance of isotopic spin 

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

The resonances were produced in the inelastic reactions 

nn 

p p 

-
- p1 n2 'IT3' 

+ 
- n1 P2 'IT 3' 

(1) 

(2) 

at a mean c. m. energy of 2.35 BeV. At this energy Reactions (1) and (2) are 

·:c ·~++ 2 3 
known to proceed almost entirely via N. - and N production respectively. ' 

We determined ow0 and orO by a comparison of the distributions in the invar­

iant mass, . w23 , for both reactions. 

* In the SU(3) symmetry scheme N 
! 

is a member. of the Jp = 3/2+ 

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

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

mass formula 

is valid only for particles with the same charge, and in particular a knowledge . 

of the N,;._ mass is required for the comparison n- - z':<- = z':<- - y':• .. = y,*- N'~-
::c:-

The decay width of N is also needed to test the predicted relationship between· 

. ~· >',( ,. .. 6 
the decay amplitudes of the decuplet particles Z , Y , and N .· In addition, the 

measured mass difference can be compared with the predictions of the various 

symmetry schemes. 

In Section I of the paper the predictions of electromagnetic mass split-

tings within the framework of the SU(3) and SU(6) symmetry schemes are dis-

cussed. Section II contains the experimental details, and Section III considers 

possible systematic errors in the data. s~~ction IV presents the results, and 

discusses the proble~t;n of elucidating resonance parameters from plots of invar­

iant mass. In Sectioh V the experimental measurement is compared with pre-

dictions based on the SU{3) and SU(6) symn1etry schemes. 
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. I. · Electromagnetic Ma..ss Splitting 

The masses of particles within a given·' SU(2) representation are be­
l 

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 mrr (a is the fine-structure con:;tant). In principle, the mass 

differences within an isomultiplet are obtainable by a calculation of the electro-

magnetic· self-energies of the particles the·rein. The attempts to calculate 

self-energies for strongly interacting particles, within the framework of a 

perturbative expansion of field theory, have been unsuccessful. 

In the unitary symmetry scheme isomultiplets of differelft hypercharge 

\. are grouped into "supermultiplets" (or u~itary multiplets) which are the irre-
\ 
I 

ducible 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 iso-

multiplets 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 different isomtiltiplets of a super-

multiplet. 

-0 - .:::. .= 

In the baryon octet, for example, the prediction7 of 

~- - ~+ + p - n has been experimentally confirmed. 8 For the 3/2+ 

* decuplet, of which N is a member, the relationship 

2 
m = m 0 + aQ + bQ 

is predicted, 9 where Q is the charge and a and :.b are constants. 

(3) 

Coleman and Glashow have.noted that th(! mass splittings within an 
f:i 

SU(3) supermultiplet follow an octet pattern, and have proposed a dynamical 

theory of unitary symmetry violation, namely that symmetry-breaking 

"'<) 

" 

\r 
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processes are dominated by "tadpoleH dia~rams because of the existence of an 

10 + . . . 
octet of scalar mesons. For the 3/2 decuplet such an octet dominance leads 

" 1 . " 1 f 1 . 1' . to an equa -spac1ng ru e or e ectromagnetlc sp 1ttlng, 

•:~tt >:~t *+ *0 . x·o . , .. 
N - N = N - N = N ,. - N,.-, 

It also gives an intramultiplet relationship 

. >:Ctt >:<t L:+ L:-N - N -= ,,, .. ).~ 
';:;' N - y N - ....... 

*++ >:<t . •:C+t N*-
which yields N - N = -3.0.MeV and N - = -9.1 MeV. "These 

l 

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

splitting diagrams. The leading nontadpole contribution to the electro-

magnetic self-masses of baryons comes from intermediate states containing· 

. 11 
one baryon and one photon. The tadpole and nontadpole contributions 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 ~ffects in this· model 

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

The group SU{6) contains both SU{2) and SU{3) as subgroups. In 

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

Jp = 3/2+ decuplet a~e assigned to the 56 -dimensional representation of 

SU{6). 
13 

The relati~ns between t~e 10 mass differences in the 56-dim~nsional 
representation have been derived in .the limit where SU{6) symmetry is 

''.J. broken by electroma~netism only: 14 

·~ 

. ' 
' ' 

N 
>:C-

'" N···-

N 
•:CO 

N 
>:<++ 

{L:- - L:+) - {n - p), 
•:co *+ = y y = n - p, 
>:C_ >:CO -=*- ~~~o 

= y y = - - -
= (n - p} + (!::- + !:+ - 2 !:0)' 

= 3{n - p}. (4) 
t7' ,.( / 
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_The relationships between the decuplet mernbe:l·s are identical with Eq. (3). 

ll. Experimental Details 

Two conditions are desirable to achieve a precise measurement: 

(a) Reactions (1) and (2) shoul'd occur under identical experimental. 

conditions. 

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

Condition (b) is necessary.because the shape of the invariant-mas-s 

plot depends on the production mechanism, and no quantitative de scription 

of the production mechanism as a function of energy is available.· By observing 

•'c 
N'' production in charge -symmetric reactions at the same· energy one ensures ·::~ .<.> 

that any difference in the invariant-mass plots is due to electromagnetic effects 

only. 

The reactions were simultaneouslyachieved at the same energy and 

under identical exp'erimental conditions by the interactions of a beam of 

3.64-BeV/c separated deuterons
15 

with deuterium inthe Brookhaven National 

Laboratory 20-inch bubble chamber.· In the majority of d-dcollisions one 

nucleon in each deuteron is a spectator. Reactions (1)' and (2) occurred in the 

interactions 

dd T B -
- p s p s p 1 n2 TT 3 

T B + 
- ns ns n1 Pz TT 3 and dd 

respectively; the subscript '~'s 11 denotes a spe~:tator, either in the beam 

deuteron ''B 11 or the target deuteron 11 T. 11 

Selection of Events 

(1a) 

(2a) 

In Reaction ·(f~) the target spectator proton is not seen in the bubble 

chamber in 7 Oo/o of the interactions bE~cause its momentum is less than 90 MeV/ c. 
.. 



-5- UCRL-16096 Rev. 

Therefore, we scanned for events with three outgoing charged particles, since 

the proton in the target deuteron is then clearly a spectator. All told, 2870 

" events were measured and constrained to the hypothesis: 

'·.r 

.. 

dn-ppnrr-, (1b) 

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

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

B T 
dd-n p pprr s . s The subtraction of p:n events from the sample is 

described below. 

Reaction (2?.) was found by scanning for events with two emergent posi-

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

maximum 'IT- -Ineson momentum is 900 NleV/c and its mean value is 350 MeV/c, 

and the 'IT+ meson in (2a) is thus readily identified by momentum and bubble 

density. All together, 1687 events were 1:neasured, and were constrained to 

Reaction (2) with a beam proton momentum of 1.82 ± 0.09 BeV /c and the target 

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

transforming to the laboratory system the known proton momentum distribution 

in .the beam deuteron rest system. ,The calculated distribution is approximated 

fairly closely by: a Gaussian with CT = 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 dist.ribution for 

a genuine one -degree -of-freedom event. 2 
In a one -constraint fit the X value 

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

1 wh.ere MM is the calculated missing 

mass, MN is the true m~ss of the outgoing n.eutral particle, and .6.MM. is the 
/ 

experimental error in missing mass. 

Neglect of th~ target momentum PT shifts the missing mass downward 

by an amount (TT· T n - fT· fri)/MM, where TT is th~ kinetic energy of the 

·. target particle and P n and T n are the momentum and kinetic energy of the 
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outgoing neutral particle. 
2 . 

There is a correlation between large X values.and 

high momenta of the outgoing neutral particle .. For this reason it was necessary 

2 
to accept all nn and pp events wl.th X ~ 10. 

The X 
2 

.criterion ~as 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 ('TT p) and ('TT 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 

-~T' the target momentum, in addition to the usual measurement errors. In 

consequence, the calculated, ('TT.- n) invariant mass, w - , is rJduced from its 
'IT. n 

true value by .6.Q = [(E /E )·(P ·PT)- (P ·P,f)]/w-. 
'IT n -n - . -'IT - 'IT n 

A Monte Carlo calcu-. 

lation 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 ('TT- n) distri-

bution 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 /c, and nn events 
p 

with P < 150 MeV /c. 
n 

(b) The uncertainty in w23 due to measurement errors is greater for ('TT-n) 

than for + ('TT p ). The average experimental error in w
23 

is 30 MeV for. ('TT- n) 

and 20 MeV for ('TT + p). We eliminated all events with an error exceeding 20 · 

MeV. (No correlation was observed between w
23 

and its error.) Then the 

experimental error i's the same in, both reactions, and is small compared 

. *++ 
with the resonance wi'dth (r 

0 
= 120 MeV for N ). This condition is impor-

tant because the value of the r·esonant mass inferred from the invariant-mass 

distribution is not independent of the width of the distribution. 16 A total of 

···~. 

" 
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1091 and 722 events satisfied the selection-criteria for nn and pp interactions 

respectively. 

Subtraction of np events in the Reaction dn _ .. ppn'TT 

For the :nn events in Reaction (1b) 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 1.20 MeV /c in the rest system of the beam 

deuteron. The transverse momentun1 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 spectator neutron and did n9t have a beam 
I 

spectator proton. (In a strongly peripheral interaction, the interacting nucleon 

is sometimes indistinguishable from a spectator.) The ('TT- n) effective -mass 

distribution for these 133 events is shown in Fig. 2. They are clearly pn - pp'TT 
... 

reactions, as there is no evidence of N···- production. According to the meas-

ured nucleon-nucleon cross sections in this energy region the ratio of nn to 
17 . 

pn interactions is 5.2. 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-energy spectator-1.4 < P .. < 2.3 ,BeV, 

0 deg < e < 5 deg -where p is the neutron momentum and e is the angle it 

makes with the beam. The histogram in Fig. 2 was normalized to a total of 

.176 events and subtracted from the ('TT-n) invariant mass distribution (1091 

events), to give the distribution in Fig. 3a. + Figure 3b shows the ('TT p) invariant-

mass plot in the pp reactions. 

III. Possible Sources of Error 

:>:<A· 
Since the : N " mass is determined with a missing neutron whereas the 

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

momentum or the magnetic field (or both) can simulate a mass difference. This 

t 
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danger is avoided by using the value of the bea1n momentum obtained by curva-

ttire measurement on beam tracks in the bubble chamber. If the magnetic field 

value is incorrect (say, by 1 %), the pion and proton momentum are overesti-

. rna ted by 1 o/o, but the neutron momentum is sin1ilarly affected, since it is calcu"' 

lated as En= Ed - L:Echarged' So, there is no SP,urious mass difference in­

duced by an incorrect value for the magnetic field, provided the beam momentum 

is estimated by use of the same value for the magnetic field. 

A systematic sagitta in the chamber would change the beam momentum 

and shift the (rr-n) invariant-mass distributi.on. The maximum systematic 

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

to 1 o/o of the beam momentum. 
18 

.A 1 o/o change in beam moment~m ~auses an 

average shift of 1 MeV in the effective mass. ln fact, there is strong ~videnc·e 

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

18 
maximum value quoted. 

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, 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. 4a, 4b. The coinci-

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

IV. Determination of 1he Resonance Parameters 

The differential cross section for Reaction (1) is 

'dO" a: 

~· :3 . 3 
d"'p1_·.d ~2' d.·_P3 

E1E2E3 

where A is .the reaction amplitude. If:. A is known, one can ,c·alcula"te t'he. 

.. 
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dO' 
(Tr-n) invariant-mass. distribution dw (w, w0, r 0}. The most probable values 

of" ~-w0 ·,~.,and r 
0 

are those which minimize X~ when the experimental distri­

bution in w is fitted with ·*~. Because the production mechanism is not com­

pletely understood, no absolute determination of w0 and r 0 is attempted in 

this experiment. 

Since the two resonances are produced in charge-symmetric reactions, 

we assume that the mass difference can be evaluated by use of an approximate 

expression for the amplitude. The validity of the approximation is tested by 

. . *++ 
comparing the calculated N parameters with the values measured directly 

+ in Tr p elastic scattering. 

z· 3. 
Analyses of Reactions (1) and (2) in this energy region ': strongly 

indicate that: {a) the reactions go predominantly by one-pion exchange (OPE), 

* and (b) the virtual Tr-nucleon scattering is dominated by the N resonant 

amplitude. dO' We use these results to obtain an approximate expression for dw. 

There are four OPE diagrams for Reaction (1) {Fig 5}. The amplitude 

for the reaction is 

where the subscripts refer to the corresponding diagrams "in Fig. 5. The inter-

>'< 
ference terms Aa Ad' vanish because of the pseudoscalar nature 

of the pion, and it has been 

1. . b 1 1 9' 2 0 Th : . neg 1g1 e. . en 

shown that the ter.ms A A a c are 

It is convenient to split dO' into the sum of six terms, 'corresponding to these 

six terms: 

dO' :::'·.dO' + dO'b +dO' b +dO' + dO'd +dO' d' \ a . a c c 
,...: ,, 

~? '.{,r~. 
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In the pole approximation (exchap.ged pion on the mass shell) the partial cross 
dO' 

t . a . 21 
sec 1on -':;-:--- 1s 

uw ·. 

dO' a 
C1W' 

(~~~ 
o;. J 2 

·~~MIN 

~2 
(5) 

where w is the ('11'-n). effective,mass, k is the '11' momentum in the ('11'-n) 

rest frame, 
2 

8 is the square of the four-momentum of the exchanged pion, 

and 0' (w) is the cross section at the four -particle vertex. It is clear that 

dO' 
c dO' d dO' ab 

CIW. We evaluated ~ , using the expression for 
dO' a dO' b 
CIW = dw and 

dO' ab 

dO' ab 

'""CIW 

dw = 
derived by Selleri in the pole approximation. 

20 
We found that 

1 

= a (w) fi(w) ::::: to·r6}:a(w)f(w). Since f
1

(w) is almost identical in form with 

f(w), we made the approximation 

dO' · dO' a dO' c 
- .o= -- + dw dw dw. 

)',c 

Simple isotopic spin;~considerations show that, in the case of N dom-

inance, charged-pion exchange predominates over neutral-pion ex~hange in 

the proportions 9:1. Therefore 90% of the ·events _in Fig. 3a correspond to 

~ . *0 
N-.- production (dO' ) and 10o/o to N production {dO' ). The shape of the 

a . c 
·:co 

('11'- n) effective -mass distribution for the n n ...... N- n events was approximated 

by the ('11'-p) effective mass distribution in Reaction (1) (Fig., 6). This distri-

bution was normalized to 10o/o of the area in Fig. 3a and subtracted from it. 
):c_ 

The resulting distribution, shown in Fig. 7 ,_ corresponds to pure N pro-. 
dO' a 

duction and is descri\),ed by dw . A similar procedure was used to elimin~te 

*+ + ' 
the reflection of N . in the ('11' p) invariant-mass plot, giving the distribution 

in Fig; 7. The distributions in Fig. 7 contain a total of 695 nn and 558 pp 
' 

events in the interval 1140 to 1320 MeV. These numbers do not reflect the 

·.I 

·"" 
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relative cross sections, because not all photographs used for the :nn;::intera·C:tions 

were scanned for :PP interactions. 

The distributions in Fig. 7 were fitted with Eq. (5), modified by the 

off-mass -shell correction term 
16 

The upper limit for D.
2 

was set at 0.8 (BeV /c)
2

, according to the observed D.
2 

distribution in the :.nn reactions. In fact, the result is insensitive to a SOo/o 

variation i~ D.~x· 'We: use· a single· res·o.nant :p-wave .amplitude for ft1(F ,_.,,_ ::· -~··-

rr-nucleon· crbs,s ·section a: 

with 

where 

a (w) ex: 

·.i 

2 2 . 
w

0 
[' (w) 

3 
r = r o(q/qo) p{w)/ p(wo)' 

d 1 3 f d . M V . 16 . an a = . or mTT an q 1n e un1ts; q 1s 

the momentum of the decay products in the N rest frame. The values of 

2 
w

0 
and r 0 which minimize X are shown in Table II. (It is reassuring 

.'~:·++ . 
that the .'N :.parameters are in good agreen1ent with the values measured 

· 1 · + · 22 • 23 h. h ++ 1236 0 5 M V 1n e ashe Tr p scattenng, w 1c .are w 0 = ± • e 1 

r ++ = 12 0 ± 1. 6 MeV. ) 
0 

In the absence of detailed knowledge of the reaction amplitude it is 

conventional to assume that the resonance and accompanying particles are 

produced according to phase space. This procedure is usually adequate for 

a narrow resonance {r 0 <50 MeV).:! In Table II we give the resonance para~­

eters obtained by frt~ing the distributions with the p~oduct of the three -body 
., 16. . wo r(w) 

phase space and <j>(w}, where <j>(w) = C w 
2 2 2 2 2 ; C is a 

q (wo - w ) + wo r (w) 
normalization constant. 
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~~' 
When, as for N , the width I' is energy-dependent, the peak position · 

in .the invariant-mass plot, w · k' falls below w0 , the shift w - ·w pea 0 peak 
2 

being proportional to r 
0

. In order to locate the actual position of the peaks 

in the invariant-mass plots, we fitted them with an S-wave Breit-Wigner 

amplitude multiplied into phase space. Thisgives ow k=2.3±4.7MeVand pea 

or = 18 ± 17 MeV. S~nce the width of the w diE;tribution exceeds that of w ++ 

one expects that owo will be greater than ow peak 
when a P-wave Breit -Wigner 

form is used, and this is indeed the case. 

The values obtained by the OPE fit, ow = 0 
7.9±6.8 MeV and or0 = 2-5±23 

MeV, are taken as the best estimates of the reE>onance parameters. The error 

matrix for the masses and widths in the. OPE fit is given in Table III, and for 

the mass and width difference in Table IV. There is a strong correlation be-

tween the estimated mass and width difference---the correlation coefficient is 

0. 73. 

V. Discussion 

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

have been reported: 

>:<++ ···o 
(reference\23),· '· · N - N.,. 

= .:o.4s ± o.85 Mev· I . ' 
~:c- >:<+ 

(reference\24}, y y = 17 ±7 MeV :l. 
·• 
; ' 

·'· .,. - ·~+ 
4.3 ± 2.2 MeV (reference\25},' y y = :' :. ) ' 

... t;::;t::::o ";::;4 ..... _ 

- = 5.7 ±.3.0 M€:V (reference (26) ,· . ·: - -
~t.c_ 

- ~~:co 
= 7.0±4.7 MeV (reference~27 ). ·· ...... ...... 

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

with Relations (3) an& (4}, with pure octet dominance, and with the modified 
A . . . 

I ... , 

. .;_. 

~-

,I 

t~:~~·~ 4 ::c- '~++ .:: _,;.; ·~ 
tadpole theory. In pa'ttlcular, the SU(6) scheme predicts· ow

0 
= N - N = 3.9 MeV{ 

pure octet dominance predicts ow0 = 9.0 MeV; modi!ied tadpole theory ?redicts 



. '>tl 

1../ 

-13- UCRL-16096 Rev. 

ow
0 

= . 4.9· 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 references 23 thro.ugh 27 to evaluate the coefficients in Eq. (3) 

is ow 0 = 5. 0 ± 1. 5 . 
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.Table I. Tadpole and nontadpole contribution to the electromagnetic 

mass differences. 

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

---
N 

::<++ •'•+ N., .. 
-3.0 0.2 4.4 

::~++ ···o 
-6.1 N - N.,. 

-2.9 2.7 

::<++ ·'· "'1'"-

-9 ... 1 -.9.1 -4.9 N - N 

::<+ ···o y - y··· -3.0 -2.8 -1.4 

::~+ ... .. ,. .. _ 
-6.1 -9.1 -9.1 y - y 

::co ':~-
-6.2 -7.6 y. y -3.0 

t::t:::-=o ·'· -
~ ..... _ 

-3.0 -6.3 -7.7 ...... ...... 

(a) A is the tadpole term alone. 

(b) B is the tadpole term plus the self-enE~rgy. 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 of the contribution to the self-

energy diagrams from the decuplet channel. (See Ref .. 11, page 1 02~ .) 
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>,'( 

Table II. Masses, widths, and mass differences for N (all in MeV) .. 

Mass w
0 

Reduced 
width r 0 

Mass difference ow
0 

Width difference orO 

With P-wave Breit-Wigner amplitude With S-Wave Breit-
Wigner amplitude 

OPE Phase sp<3:ce. P.hase space 

i241.3±5.1'. 1240.·7 ±.6.1 1219:-7±3.4 

1233.4±4.4 1232.0±4.9 1217.4± 3.2. 

149 ± 18 166 ± 21 133 :± 13 

. 124 ± 14 .137 ±17 115 ± 11 

7:S±6,8 8.7±7.8 2.3±4.7 

25 ± 23 29 ±27 18 ± 17 

· .. 

{,)' 

'-':) 
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Table III. Error Matrix for masses ·and widths in the OPE fit [all in (MeV) 2
]. 

r- ++ r++ .. wo 0 wo 0 

l> - 26.2 69.6 .0 .0 (·' wo 

r; 69.6 326. .0 .0 
. ',) 

... ++ .0 .0 19.7 43:9 '·' wo 
·~ \ :. ; . r++ .0 .. 0 43.9 201. o· 

Table IV. Error Matrix for mass and width ·differences in the OPE fit 

[all in (MeV) 2 ]. 

oc"o &r
0 

·:.• owo 45.9 113. 

.~ .. ' or
0 

113. 527. ' 

' 
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Figure Captions 

Distribution in transverse momentun"l, PTRAN' of spectator nucleons 

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

of the Hulthen wave function, folded i.nto· the transverse plane. 

The ('IT'- n) invariant-mass distribution in the reaction d n 

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

(a) Distribution of the ('TT'- n) invariant mass in the reaction 

nn-pn'TT'. 

(b) Distribution of the ('IT'+ p) invariant mass .in the reaction 

·+ pp-np'TT'. 
! 

(a) Normalized momenturn distributions for 'IT'- and 'IT'+ in the 

reactions nn- np'TT'- and pp- np'TT'+, respectively. 

(b) Normalized momentum distributions for neutrons and protons 

. h . d + . 1 1n t e react1ons n n - n p 'IT' an p p - n p 'IT' , respectlve y. 

Feynman diagrams for si11gl~ -pion exchange in the reaction 

-nn-pn'TT', 

The ('IT'- p) invariant -mass distribution in the reaction n n .- p n 'IT' 

Invariant-mass distributions of _..(rr_.:-r:; and (~ + p) in the reactions 

- + . + n n - n p 'IT' and p p - n p n: • The ('TT' p) distribution (558 
"-

events) has been normalized to the area of the ('TT'- n) distribution 

(695 events). 
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