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Measurement of the N - N Mass Difference

s
George Gida‘l,T Anne Kernan, and Sedong Kim
Lawrence Radiation Laboratory
University of California
Berkeley, California

August 17, 1965

ABSTRACT

e W4
-N . is de-

A zheasurement of the mass and width difference of N
. * L ‘ : . P +
scribed, where N is the nucleon resonance with I(J" ) = 3/2(3/27) and mass
approximately 1240 MeV. The resonances were produced in the inelastic
reactionsnn == pnn and pp = np TT‘+, which are known to proceed almost
L Es

entirely via N and N t production, respectively, in the observed energy
region. A comparison of the (nm ) and (p 1T+) effective mass distributions
gives a mass difference of 7.9 £6.8 MeV and a width difference of 25+ 23

Ko i
MeV for N~ - N T,

This result agrees with predictions based on the SU(3)

and SU(6) symmetry schemes.



-1- UCRL-16096 Rev.

e K44 .
We report here a measurement of the N -N * . mass dlfference1

’ e : .
and width difference 6F0, N is the nucleon resonance of isotopic spin

P

6(.00

3/2, 77 = 3/2", and mass approximately 1240 MeV.

The resonances were produced in the inelastic reactions

nn - Py By Ta, (1)
+

PP = n,p, Ty, : (2)

at a mean c. m. energy of 2.35 BeV. At this energy Reactions (1) and (2) are
. . N » :
known to proceed almost entirely via N‘ and N t production respectively. 2,3
We determined 6(»0 and 61"0 by a comparison of the distributions in the invar-
w,.,, for both reactions. A
23 : |
« !

In the SU(3) symmetry scheme N is a member. of the JP = 3/2+

iant mass,
decuplet, along with Y*, ’E.'*, and Q_.A Okubo4 has récenfly pointed. out that.,
because of electromagnetic mass splitting, the Gell-Mann-OkuboS mass formula
is valid only for particles with the same charge, and in particular a knowledge .

,:*.. - .

S - - b3
of the N mass is required for the comparison @ - = =5 -Y =%

ot
- -

- N
The decay width of N*- is also needed to test the predicted relationship Between‘ '
the decay amplitudes of the deéuplet particles E*‘, Y*, and N*.'6 In addition, the
measured mass difference can be compared with the predictions of the various
symmetry scéhemes. |

In Section I of the paper the predictions of electromagnetic mass s.plit-
.tings within the framework of thé SU(3) and SU(6) symmetry schemes are dis-
cussed. Section II contains the experimental details, and Section III co‘nsider‘s
.possible systematic errors in the data.‘ Section IV presents the_resul_ts, and
discusses the problgﬂr}n of elucidatiﬁg resonance parameters from plots of invar-

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

dictions based on tHe : S_U(b3) and SU(6) symmetry schemes.
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I, " Electromagnetic Mass Splitting

“The masses of particles within a given1SU(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

1

the order of a m‘-", (a is the fine-structure constant). In principle, the mass

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

magnetic selvf'-engrgies of the particles therein. The attempts to calculé.t_e
sélf-‘energies for strongly interacting particles, within the framework of a
perturbativé expansion of field theory, have been unsuccessful.

In the unitary symmetry;scheme isomuiﬁiplets of differefllt hype.rcha‘rge
are grouped into "supermultiplets' (or unitary ;mﬁltiplets) which are the irre-
ducible representations of the SU(3) group. It is postulated that, in the. limitl
of exact unitary symmetry, the masses of all particles within abgiven SU(3)
representation are identical. The observed mass differences between iso-
multiplets vﬁthin a unitary multiplet-are of the order of 100 MeV, and are._
believed to arise from the ”medium-étrong" force. By making the assumption
that unitary symmetry is violated only by tﬁe electromagnetic interaction, it ié
possible to relate the mass splittings within different isomultiplets of a supei-

multiplet. In the baryon octet, for example, the p‘rediction7 of
0

=z .zt P - n has been experimentally confirmed. 8 For the 3/2+

Il

L
=)
b—

b
decuplet, of which N = is a member, the relationship

m,='mo+aQ+sz L , (3)

is predicted, ? where Q 1is the charge and a and :b are constants.
Coleman andv_Glashow have. noted that the mass splittings within an

SU(3) 'supermultiplelt follow an octet pattern, and have proposed a dyhamical

theory of unitary symmetry violation, namely that symmetry-breaking
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processes are dominated by "tadpole' diagfams because of the existence of an
octet of scalar mesons. 10 For the 3/2+ décuplet such an_octét dominance leads

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

2 * ey % -
NN o N N0 - O N

It also gives an intramultiplet relationship

NN st _»
N,.~ - Y>,< N - E

| * s : ey % N
‘which yields N ' - N ' = -3.0MeV and N ' -N = -9.4 MéV. These

predictions must, however, be modified by the contributions of other mass -
splitting diagrams. 'Th‘e leading nontadpole contribution to the electro-
magnetic self-masses of baryons comes from intermediate states céntaining-
one baryon andlone photon. 1 The tadpole and nontadpole contributions to the
electromagnetic mass differences are shown in Table I.

Dashen and Frautschi have proposed a bvootstrap mechanism to explain
octet dominance of the mass splitting. 12 Higher-order effeéts 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
P

J = 3/2+ decuplet are assigned to the 56 -dimensional representation of

3

SU(6). 13 The relatiéns between the 10 mass differences in the 56-dimensional

representation have been derived in the limit where SU(6) symmetry is

broken by electromaénetism only:{14
Se =0 S
2.8 = (20 -2 - (n-p),
sk b se b3
NO-N+=YO-Y+=n-p,
% . B .ok % sk —i
N oNTO oLy o R =0
= (n-p)+ (Z7+ =t - 220),
* o w4+ '

N L N = 3 - p). | (4)
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.The relationships between the -decuplet mernbeii'_s are identical with Eq. (3). -

5y

1L Expeﬂrrienfal D;fails...
_.T'wvo éondivtions‘are desfirable to achieve a 13:ecise measurement:
(a) Reactions (1) and (2) should occur under identical exAperir'nen_tal».‘ - W
conditions. |
(b) Both reaétions should occur at the sé.me_energy..
C;mdition (b) is nec.essary,beca‘use the shape of the invariant}-mas.é
pl;)t dépends on the §roduction mechanism, and no ’quantitati:veva de scriprti_onv '
of the production mechanism as a functién of energy is avaiiaﬁle.' By observing
N* production in charge-symm‘etric reactions at the same energy one ensures %i.a
that any difference in the _invariant-inasé plots is due to electromagnetic gffects
only. |
- The reactiong were simultaneou_sly‘a;:hieved at the same energy and
under identical experimental éondifions by the interactions of a beam of
3.64-BeV/c separated deuterons'15 with deuterium in the Brookhaven National
Laboratory 20-inch bubble vcham‘ber.' In the majority of d-dwcollisionsb one
nucleon in each deuteron is a spectator. Reactions (1) and (2) occurred in th.vev

interactions

dd -'P ) rp'1 n, T, (12)
‘ +
n

n (2a)

L
v e w

and dd*n 4 Py T3

respectively; the subscript '"'s'" denotes a spectator, either in the beam

- : [ 4

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

Selection of Events

In Reaction (ia) the target spectator proton is not seen in the bubble

w

chamber in 70% of the interactions because its momentum is less than 90 MeV/c.
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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:
dn - ppnmw, (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:
dd — n? p’sr pp ™ . The subtraction of pn events from the sample is
described below.

Reaction (22) was found by scanping for events with two emergent posi-

tively charged particles, of which one is a n* meson. In Reac?ion (1a) the

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

and the TT% meson in (2a) is thus readily identified by momentum and bubble
density. All tbgether, 1687 events were measured,A 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 distribufion is approximated
fairly closely byra Gatllssia.n 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 xz distribution for

~a genuine one-degree-of-freedom event. In a one-constraint fit the )(2 value

i's_ approximately [(MM - MN) / AMM]Z, where MM is the calculated missing
mass, MN is the true mass of the outgoing n.‘eut‘ral particle, and AMM  is the
experimental error in missing mass.

Neglect of th.i:: target mom.enturn 4PT shifts the missing mass downward

P

by an amount (’:_T- T, - ET'Eﬁ)/MM’ where T, is thg kinetic energy of the

" target particle and Pn and Tn are the momentum and kinetic ehergy of the
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outgoing neutral particle. There is a correlation betweven large xz values.and
high momenta of the outgoir;g neutral ;.)article.," For this reason it was néces sary
to a.écept all nn and pp events with xz < 10,

The XZ criterion w..as used to ident.ify'tzhe events only; we did not use =
the constrained values of the particle momenta because of thé uncertainty in the

! . + - . . )
target momentum. In calculating the (v p) and (v n) invariant masses we

used the measured values of the particle momenta, and the neutron momentum , .

was inferred flr‘om momentum conservation in Reaction (1b) with the target
neutron assumed to be at rest. The neutron momentum is then unéertain b}}
»ET’ b"che target momentum, in addition to the usual measﬁrement errors. In
consequence, the calculated, (r"n) invariant rhasé, W= is reduced from its
true value by AQ = [(E /E_)- (B "P) - (B -Pp)l/w, - . A Monte Carlo calcu-
lation shows that AQ ha.s a distribution with mean of -0.2 MeV,' andl root-mean-
square deviation 6‘ MeV; its effect on the. mass and width (.)f the (m n) distri.—
bution éan therefore be ignored.

Two additional criteria were applied to enforce a correspondence be-

i

»

tween the nn and pp events.
(a) There may be a scanning i)ias against pp events with a short pfoton
track. So we eliminated pp events with Pp < 150 MeV/c, and nn events
with Pn < 150 MeV/c. |
(b) The uncertainty in w53 due to measurement errors is greater for (m n)
‘than for '('rr+p). Thé average experimental error in W5 3 is 30 MeV for. (7 n)
and 20 MeV for (v+p). We eliminated all events with an error exceeding 20
MeV. (No correlation was observed betwéen w53 and 'itrsAerror.v) Then the
experimental error is the same in both reactions, and is small compared
with the resonance width (T‘O = 120 MeV for N*H-). This condition lis impor -
tant because the value of the resonant mass inferred from the invariant-mass

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

“

N
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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 -~ ppnm_

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 df 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 Hulthén form of the deuteron wave fﬁnction,'
giving evidence for the validity of the ihmpulse approximation. In a total of 1091
dn interactions, 133 had a beam spectator neutron and did not }‘1ave a beam
spectator proton. (Ina stréngly peripheral interaction, the intéracting nucleon
is sometimes indistinguishable from a spectator.) The (r"n) effective-mass
distribution for these 133 events is shown in Fig. 2. They are cléarly pn - ppmT -
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
pn interactions is 5.2. 1 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 < 6 < 5 deg—~where P is the neutron momentum and _6 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 (m n) invariant mass distribution (1091

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

mass plot in the pp reactions.

I11. Possible Sources of Error

. xd : . . - .
Since the !N ™ mass is determined with a missing neutron whereas the

ORI . . . . R
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
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danger is avoided by using the value of the beam momentum obtained by curva-
ture measurement on beam tracks in the bubble chamber.. If the magneti'c field “
value is incorrect (say, by 1%), the pion and proton momentum are overesti-

.mated by 1%, but the neutron momentum is similarly affected, since it is calcu-

o

lated as Pn =F4- Z So, there is no sp'ur‘ious mass difference in- ' )

Echarggd'
duced by an incorrect value fo.r the magnetic field, provided the beam momentum
is estimatedvby use of the same value fo; fhe magnetic field.

A sys‘tematic sagitta 1n the chamber would change the be;m momentum
and shift the. (Tr—.n) inva.riant-mass"dis_;tribution.' The maximum systematic

curvature in the chamber has been estimated at 0.1X 10-4

18

cm’i, equivalent
to 1% of the beam momentum. ~ A 1% change in beam momentim c;auses an -
average shift of 1 MeV in the éffective rﬁass. In fact, there is strong 'c_evidenc‘e
that the systematic curvature in the chamber is considerably less than the
.maﬁimum value quoted. ! |

In Reaction (1) target neutrons with momenta greater than 90 MéV/c .
ar'qexcluded. Hence the range of c. m. energies in Rea.ctioﬁ ('1) is restricted.
compared with Reaction (2). However, the reqﬁirement of a fit of Reaction
(2) has the effect of excluding high Fermi momenta. As Ia check on thé equal-
ity of the range of intera.cti'on 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 the Resonance Parameters

The differential cross section for Reaction (1) is

3 3 .3
d p '.d I?Z dp3

EjEE,

a0« |af s%p, - P

where A is the reaction amplitude. If. A is known, one can calculate the.



&
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(r"n) invariant-mass distribution %g—(w, wgys T‘O). The most probable values

are those which minimize x_z when the experimental distri-

0 0
bution in w 1is fitted with g—g— Because the production mechanism is not com-

of wwy2and T
pletely understood, no absolute determination of wq and 1"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

N . ' Ht ot , . ‘
‘comparing the calculated N * parameters with the values measured directly

N o . .
in ™ p elastic scattering.

3 strongly

Analyses of Reactions (1) and (2) in this energy region™”

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

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

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

. . . J 0
amplitude. We use these results to obtain an approximate expression for d .

for the reaction is

A = A -A

a b-.AC+A,

d)

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

: . # .
ference terms Aa Ad, and Ab Ac vanish because of the pseudoscalar nature

* *
of the pion, and it has been shown that the terms AL A and A Ad are

{ b
19, ZQ ".[.‘he~n

x *®

2 2 A 12 ' 2 2
laf®=]a_ "+ ]a,] -2Re A A+ la_l“+ [ag* -2Re A_a,
It is convenient to split d0 into the sum of‘ six terms, ’corresponding to these

six terms:

. do ='4;,;-:(dga.+de+do-ab+dcc+d0d+docd'
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In the pole approximation (exchanged pion on the mass shell) the partial cross
v s . . _ -
a . 21

section —3'5_ is

. . .{-"22 H R N .
o A 2 ) |
= = | ;A'Z _MfAX Kk @ ¢(w) 7 da = 0 (0) £(w), (5)
Ul &%+ mE) |

where w is the (7 n). effeétive,mass, k ‘is the m~ momeﬁtum in the (7 n)
rest frame, Az is the square of the four-momentum of the exchanged pion,
and O (w) is the cross section at the four -particle vertex. It is clear that
doa- do do do do

=45 ° -a—wl)- and —d—w—c = _&Z)E We evaluated —d-;ai) 5 ;x_singvthe expression for

do ab derived by Selleri in the pole approximation. 20 We fou.nd1 that .

do
12—13 = O (w) fl(w) = (0.6)0(w)}(w). Since fl(w) is almost identical in form with

flw), we made the approximation.

‘ . . *
Simple isotopic spin;considerations show that, in the case of N dom-
inance, charged-pion exchange predominates over neutral-pion exchange in
the proportions 9:4. Therefore 90% of the events in Fig. 3a correspond to

N~ production (do ) and 10% to N0 production (doc)" The shape of the

- *0 .
(r n) effective-mass distribution for the nn — N 0 n events was approximated

by the (m p) effective mass distribution in Reaction (1) (Fig., 6). This dist_ri;

‘bution was normalized to 10% of the area in Fig. 3a and subtracted from it.

o

The resulting distribution, shown in Fig. 7, corresponds to pure N ‘pPro-
' ' do
duction and is described by —EE?' A similar procedure was used to eliminate

the reflection of N . in the (v+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' 1440 to 1320 MeV. These numbers do not reflect the
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relative cross sections, because not all photographs used for the :nni:iinteractions
were scanned for .pp .interactions.
The diétributions in Fig. 7 were fitted with Eq. (5), modified by the

off-mass-shell correction ‘cerrn1

2 o
2 (o - mz)2 + aZ

. (w + rnz) - mT?; (w - mz)2 -m

(w + mZ)Z + A

™

The upper limit for AZ was set at 0.8 (BeV/c:)Z, according to the observed Az'

distribution in the :nn reactions. In fact, the result is insensitiye to a 50%

variation in AIZ\/IAX' We: usera single resonant p-wave.amplitudé for:thér caso-
m-nucleon cros,;s section 0: . . )
w(z) f‘z(w)
O (w) ; '
(g - @)f + g ()
. 3 ‘
with . T = Tyla/q,)7 plw)/plwg),

where pl{w) = (a m_ﬁ-&qz)-il and a = 1.3 for m,_ and g in MeV units;16 q is

the momentum of the decay products in the N~ rest frame. The values of
Wy and FO which minimize XZ are shown in Table II. (It is reassuring

o mpd ‘ . ' . ' o
that the "N sparameters are in good agreement with the values measured

22,23 ++

in elastic T\’+p scattering, which are wb = 1236+ 0.5 MeV,

++

T'o

= 120+ 1.6 MeV.)
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

e

a narrow resonance - (FO < 50 MeV).! In Table II we give the resonance param-

eters obtained by ﬁ%‘bmg the distributions with the product of the three-body

i 16 w “o0 T(w) ~
phase space and ¢(w3, where ¢{w) = C = - ) > > ; C isa
1w - @) 4wy T (w)

normalization constant.
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When, as for N:N, the width T" is energy-dependent, the peak position -
in the invariant-mass Diot, w_ - ., falls below ., the shift w, -'® ' : _
. : peak 0 0 peak . o
being proportional to I‘g. 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. This gives Swpéak = 2.3x4.7 MeV and i ¢
6T = 18 %17 MeV. Since the width of the «~ distribution exceeds that of w ',

one expects that 6(.00 will be greater than 6w

peak when a P-wave Breit -Wigner

form is used, and this is in&eed the case. _

The values obtained by the OPE‘fif, 6w0 = 7.9+£6.8 MeV ané .61"0 = 25%23
MeV, é.re taken as the best estimates of the resonance parameters. The error
'matrix for the masées and widths in.the,OPE' fit is given in Table III, and for
the mass and width difference in Table IV. The;‘e is a strong correlation be-
tween the estimated mass and \'Nidth difference--the correlation coefficient is

0.73.

'V. Discussion

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

have been reported:

N*‘"*" N0 - 20.4520.85 Mev ‘(reiv'érence{ZS.),- . ,-. o ,",.
v oy - 1727 MeV . (referencei24), .:. " L,
Y*- - Y::<+ = 4,3+2.2 MeV (referencei25),: :: .},
=050 574300 MeV (referencel26); - - - %
2 =0 2 7.024.7 Mev (referencei27). - -

[ 4]

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

with Relations (3) angd (4), with pure octet dominance, and with the modified
. A % 4 sk 5K . RV

tadpole theory. In particular, the SU(6) scheme predicts 6wy = N LNt o309 MeV4

>

pure octet dominance predicts éwo = 9.0‘ MeV; modified tadpole theory predicts
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theories with predictions in this range. .The value predicted for Swo by using the
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o = 49 MeV. It is clear that our errors prevent us from distinguishing among

measurements of references 23 through 27 to evaluate the coefficients in Eq. (3)

is {Swo = 5.0%+1.5.
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B

and nontadpole contribution to the electromagnetic

mass differences.

Mass difference

ot

NP LN
N0
N*++ _ N:::..
v o y™0
Y=:<+ : Y*-
g*o S
=H0 e

Al k) cle)
-3.0 "" | 0.2 4.4
6.4 -2.9 2.7
9.4 94 4.9
3.0 2.8 1.4
~6.1 9.1 9.1
\ -3.0 6.2 1 16

-3.0 -6.3 -7.7

() A is the tadpole term alone.

(b) B is the tadpole term plus the s,élf—engzrgy diagrams with a baryon

octet member and a photon in the intermecdiate 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, pége 102;.)




-46 -

UCRL-16096 Rev.

V. * . N . v : .< .
Table 1I. Masses, widths, and mass differences for Na (all in MeV)..

‘Mass W N

N

Reduced Na

Width FO N?".{,T "

Mass difference

Width difference

ot

Sw
&T

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

"Wigner amplitude

OPE

1244.3%5.4

1233.4+ 4.4
149 +18

424 £14

7.9.+6,8 -

25 =23

Phase: space.

Phase space

4240.7+6.1
1232.0%+4.9
166 +21

137 £17

8,7+7.8 .

29 27

1219.7 % 3.4
1217.4£3.2
133 %13
115 +114

2.3+4.7

48 x47

W

3
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Table III. Error Matrix for masses and widths in the OPE fit [all in (MeV)Z] .

% Te e rg’
Wy 26.2 69.6 .0 | .0
Ty 69.6 326. .0 .0
W .0 | .0 49,7 439
*‘ vt 0 0 439 201
)
Table IV. Error Matrix for hqass and width differences in lthe OPE f{it

[all in (MeV)Z].

\ 5w, - 61"0

0 45.9 ‘ 113.

sI" 143. 527.
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Figure Captions

. Distribution in transverse momentum, ’PTRAN’ _of spectator nucleons

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

of the Hulthén wave function,. folded into the traﬁsverse plane.

The (r " n) invariant-mass distribution in the reaction d n .= nls3p pT,

S is a Spectator neutron in the beam deuteron.
(a) Distribution of the (T n) invariant mass in the reaction
nn ~ pnw .

(b) Distribution of the (7 p) invariant mass in the reaction

. -t
PP > npTmT. ‘
(a) Normalized momentum distributions for m  and n in the
R - ) ) ~+ o
reactions nn -~ npw and pp > npTmw , respectively.
(b) Normalized momentum distributions for neutrons and protons
in the reactions nn = npr and pp = np 1r+, respectively.
Feynman diagrams for s‘ingl_e -pion exchange in the reaction
nn = pnmw.
The (v p)invariant-mass distribution in the reaction nn - pnw .
Invariant-mass distributions of /(_‘_!T;;rx) and ('rr+p) in the reactions
nn = npm and pp = np TT+ "The (Tf+p)- distribution (558
N v .

events) has been normalized to the area of the (r"n) distribution

(695 events).



interval

10-MeV

Events per

20

-22-

120

JoJo)
80
60

40

| | | |

]

40 60
Preant MeV/c)

Fig. 1

80

100 120

iy
MUB-3352



_23-

O e L EL A B

(¢}

:._C-: R -
> 20| -
=

S i B
<& e

5 O | —
Q _1._|_|_

w N .
o 0 T R NN TR D N BN S

ol .08 I.l16 .24 .32 1.40 1.48

Mass ,—, (BeV)

MUB-6252

Fig. 2



Evén'fs per 20 -MeV interval

-24-

1201

Tolo) o

80

60—

40}

20—

(o) mn

100

80

60

40

20

| { i I

o]
1.08

.16 .24 1,32 1.40 |.48
Massyy  (BeV)

MUB-7413

Fig. 3

\



G

Number of events

-25-

2501

200

150

100

50}

1

0

| 0.4 0.8 o)
Pr (BeV/c)

Fig. 4




_26-

- Fig-

mu

g-7412



=27 -

— T T T T T T T T T T ]
. |
>
> N i
<
Q
=
O . p—
q.
s 50— —
Q.
wn L -
<
> ' D TR NN R R N R
w 0708 116 124 132 140 148
Mass .-, (BeV)
MUB-6253
Fig. 6



140
120
100

80

60

Events per 20-MeV interval

20

~28-

40

1 T T T
s [
----------- pp
| I S T

.16 1,20 .24 1.28
Mass,ny (BeV)

Fig. 7

MUB-6254

{7



This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-

mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in ‘this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

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 1in 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
with the Commission, or his employment with such contractor.








