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ABSTRACT

. .’I‘he reaction n*td - (p)pfr+1r_1r° has been studied in'a bubble chamber

experifn"ent with pion beam momentum between 1.1 and 2.4 GeV/c; the ex-

posure size was 14’ events/p.b

The most significant features of the final state are productlon of n

and w miesons. in the reactions

TT+1’1 - NP,

+
™ n - wp.

The h'—productibn characteristics are well described'by a Reggeized AZ- !

exchange model using Veneziano-type residue functions.

The w produc-

tion and decay characteristics are presented, and it.is found that a

p-exchange model with absorptive corrections is inadequate to describe

these data.

I. INTRODUGTION
The experiment reported here was per~

formed in 1966 using a beam of = mesons
from the Bevatron incident on the deuterium-
filled 72-inch Alyafez-bubbl_e chamber of the .
Lawrence Radia‘tiQnILaboratory. The incident
pion momentum covered the range from 1.1

to 2.4 GeV/c in éight settings. The beam
. used for this experiment has been described
elsewhere.1 A total of 264 000 pictures was
taken; the incident momentum se'ttings and
the exposure size at each setting are given in .
Table I. :
Table I were obtained by dividing the total

"The path-length numbers given in

number of events estimated to be on the film

at each momentum setting by the total ntd

cross section as measured by other workers.?

This procedure, as well as a more detailed
exposition of the work discussed in this report,
is given elsewhere. 3

The maiﬁ purpose of the experiment was

to analyze reactions of the type

1r+n ind pMo,
M°® » 771", neutrals {1a)
or MO = ateten”, neutrals. (1b)

'Here M? is a neutral meson, and '"neu-
trals" means any number of 7%'s or y's. The
neutron target is obtained by filling the bubble
chamber with deuterium.

This report deals primarily with the re-
action
1T+C1 - ppTr+1'r_'rr°, (2

and in particular with the pro.duction and decay



of n and w mesons via the reactions
wtd = ppn,
n—> T'r+1r-l'n'°', » (3) _
nTa - PPwW,

w > TT+TI’._-1T0. ' (4)
jReac"cion (1.4) is explored beginning at thresh-
;‘old for w production.:

Section II dlscusses the scannmg and
measuring of the bubble chamber photographs
‘and the f1tt1ng of the events. Section III is de-
voted to some of the comphcahons ar151ng
from the use of a deuteron target.  In Section
1V we display various mass spectra for re-
action (2) and giv‘e th'e cross sections ,‘fo.r n
and w production in reactions. (3) ia.nd (4). |
Section V- gives the n production and decay
characteristics in reaction (3), and Section
VI presents production and decay 1nformat1on
for w mesons in reaction (4). Sect1on VII is
a compilation of li‘terature'on ntd experiments
performed with bubble chambers.

II. .SCANNING, 'MEA_SURING, AND FITTING
The entire se.mple of film v.vas .scaﬂned
once for all three-sand four- pronged events.

A total of 128 000 four-—pronged and 93 000
A chec_k v

scan of a small s‘a‘,.mp'le of the film revealed

. three-pronged events was found.

that the overall 'single.-scan efficiency for
finding three- and four-pronged events was
95%.

Of the events found, all but the three-
pronged events at the beam momentum set-
tings 1.70 and 1.86 GeV/c were measured, on - -
Spiral Rea.dexj4 measuring mvachi.nes I and II
of the Lawrence Radiation Laboratory. The
aveiage measuring rate for the events de-
scribed here was 80 events per hour.

The track coordinates produced from the
measurements by the program POOH were
reconstructed in space and fitted to the hy-
potheses listed below by the standard Alvarez-
Group program package TVGP-SQUAW.”

Bubb&e density infOrmation for the tracks was '
provided by, the Splral Reader in the form of.
pulse helghts this information was used for
each kinematic hypot-h_esm to do a separate fit

to the expected bubble density of all tracks.

- This procedure was incorporated into SQUAW

with the program BUBBLE. 6
The three- and four- pronged events were
fitted to the follow1ng réaction hypotheses:

TTd“'ppwﬁ‘, (5)

) ppn’+'rr °, (6)
ppr T (mm), (M
ppT Ty, (8)

pPKK, (9
vnpn'+1r+1r-, -(10)
priate (mm), (11
1r+1r+17+'rr—(mrn),' (12)
bd'rr+'n'+'n'-, - (13)
dntntn e, (14)

. After completion of the fittiog process,
most events were found to have a successful
fif'to more tha:n one hypothesis. 'The selection °
of the correct hypothesis was pe’rvfornvled by
the program CREE, 7
ARROW The details of the separation pro-

a version of the program

cedure are set forth in Ref. 3.

At this point we restrict our interest to
those examples of reaction (6) which appear
as four-pronged event topologies, i.e., ‘those
for which both the final-state protons had suf-
ficient laboratory-frame momentum to be

visible in the bubble chamber. (The lower

- cutoff on proton lab momentum ‘was found to

be approximately 85 MeV/c; this momentum
yields a track 0.15 cm long in spéce, which is
the practical lower limit of visibility. In the
physics data that follow in this report, we use
only those events which are assigned to reac-
tion (6) and in addition fulfill the following
criteria: ‘

(a) the confidence level for the kinematic

fit is greater than 1%,



(b) the confidence level for the ionization
fit is greater tbhan'b1%, e :
' (c) all track measurements were avail-
able for the kinematic fit (i. e., 'v'constraint-
reduced' events were-not used), . : »
(d) the event occurred within a pre&v
selected fiducial volume of the bubble chama
ber, and the dip and azimuth of the beam
track for the event >1.ay within preselected
limits for each .momentum setting. -
‘ _ Events fulfilling these criteria will be
referred to és | .

15500 such events '

”go‘o’d" events; there are about

Examination of the results of hypothes1s
separation shows that: 3

(a) events assigned to feaction (6) are -
neither contaminated by nor lost into the four-
constraint final state ppw+7r_; A

‘ (b) about 4% of the events as signed to
reaction (6) are actually from the final state
ppn+n-(mm), but no evénts from reaction (6)
a_ré assigned to this 'zero—constra',int channel;

v (c) the events assiéned to reaction (6)

v contain about half the n events from 1r+d—Fppn,
n - i, g "y, and almost all the n' events from
the analogous de}cay; these events actually be-
long to the channel (8). The total number of
these events is less than 100, and account has
been taken of them in calculating the n-pro-
duction cross section. Furthermore, no
events from reaction (6) are assigned to chan-
nel (8); o ‘

(d) about 4% of the events assigned to re-
action (6) {(at all energies) are actually events
from the one -constraint reaction (10); no
events from reaction {6) are lost into channel
(10). spectator"
lab momentum restriction Pspec < 300 MeV/c

(see below) is placed on the events assigned

Furthermore, when the "

to reaction (6), the contamination of this
sample by events from reaction (10) is only

2%, independent of energy.

Since the cross sections for n and. w pro-
duction are found ny éomparing the number of
resonant {n or w) events in channel (6) with

the total number.of events in channels (5)

through (8), it is important that no events from

reaction (6) are as51gned to other channels.

In addition, the determlna.tlon of the resonant
cross sections is unaffected by the contamina-
tion mventioned in point (b) above, since the .
contaminating events. éhouid not lie .preferen—
tially inside the resonant three-pion mass

bands. Furthermore, any cross-mixing -

" among the events from channels (5), (7), and

(8) does not affect the cross-section determina-
tion; hence, for instance, it is unimportant
that most of the events assigﬁed to reaction
(8) prbbably are misassigned examples of re-
action (5). However, the contamination of the
pp'rr+1r_7r_° events mentioned in point (d) must
be considgred in calculating the n and
cross sections.. v

Figure 1 shows the missing~-mass-squared
distribution for "g_bod‘f pprr+1r_fr° four-pronged
events. In Flg Z‘are shown the confidence
level distributions for the kinematic and ioni-
zation fits separately. At this point we re-
mark again that events in the leftmost bin in
Fig. 2a and in Fig. 2b are not included in the

sample of ''good" events.

iIl. THE DEUTERON TARGET

The use of deuterlum in the bubble cham—
ber in this experiment is, of course, neces-
The

deute,i'on is a bound composite of a proton and

sitated by the need for a neutron target.

a neutron, and although the binding energy is
only 2.2 MeV, a number of important effects
must be taken into account when the neutron

in the deuteron is used as the target particle.

|

|
i
'



A, The Hulthén Wave Functmn and Spectator '
Momentum Distributions -

A wave function commonly used to de-
‘ scnbe the separatlon r of the nucleons in the
deuteron is that proposed by Hulthén. 8 It'is
Y(r) = C(e-ar - e~PT)/x.
Here C is a-normahzat_mn constant, and
« =45.5 MeV = (4.33 fermi)~1 = (2uB)1/2,

with ' .

. p, =

reduced mass = M 2,

nucleo_n/
= deuteron binding energy = 2.2 MeV;
Ta (_Ref. 9) or

In all applications of the

B
B is often taken to be p =
B = 5.18a (Ref. 10).
Hultheén wave funct:'i.ontin this report, the aver-
age value B = 6.09 a is used. -

The Fourier tré.nsforrn of \Hr) gives the
distribution ¢(p) of the momentum of the two
nucleons in the deuteron, it is

p2o%(p) = C'p2[1/(p% +a?) - 1/(2 +)] 2.

Expenmentally p2¢ (p) can be measured
when the impulse approximation for the wtd
collisions is assurned:. This means that the
nt is Vassumed to intefra.ct with only one of the
nucieons in the deute‘ro_n, the other nucleon
going off after the collision with- the saxne
momentum it had before the collision.

For the reaction n'n(p)—~ (p)pﬂ+1r--n° the
notation (p) means fhat one finalestate proton
is assumed to be a "spectator" to the colli-
The

final-state proton with the lower lab momene

sion between the 1r+ and the neutron.

tum is taken to be the spectator. Figur'e'3

shows the experimental distribution of spec-

-4-

tator momentum; the steep cutoff in the distri-

bution around 85 MeV/c is due to the fact that
only events with two visible protons (four-
pronged events) are used. The curve.is the
Hulthén distribution p2¢2(p) normalized to
have the same area as the histogram between
110 and-160 MeV/c.

Hulthén wave function is exhibited as an ex-

A deviation from the

cess of events with high mornentum, that is,

with momentum greater than 300 MeV/c,

mentum greate‘r’tha;n 300 MeV/c.

~which is the practical upper cutoff of the

Hulthén distribution. Forty-four per cent of
the four-pronged events in Fig. 3 have mo-

Reference

‘3 contains a discussion of some possible

causes for the excess of high-momentum spec-

tators. -

B. The Flux Factor, Spectator-Beam Angle,
and c, m. Energy Smearing

The internal mot1on of the two nucleons
bound in the deuteron gives rise to two inter-
esting effect.s., We discuss first the effect of
this motion on _the'e_xperimentally measured
angle between the spectator.nucleon and the in-
coming pion beam. l

" The protoni and neutron bound in the deu~
teron move at random inv opposite directions

with momentum given by a function like the

~Because of the random

Hulthén distribution.
; 11,12 have

nature of the motion, some authors

stated incorre‘ctly that the experimentally meas-.

ured angle between the beam and the spectator
nucleon should have an isotropic d1str1but1on
This statement,_however, fails to take into
account rhe fact that when the target particle
is moving toward the 'bea.m, there is a greater
particle flux é.nd hence a higher reaction rate
than when the farget particle is receding from
the beam. Let 0 be the angle between the

spectator and the beam. Since the target nu-

" cleon and the spectator nucleon in the deuteron

‘move in opposite directions to conserve mo-

mentum, there will be more events for which
cos @ is greater than 0 for cos 6 less than 0
provided the cross section is constant.

The experimenta.l distribution can be pre-
dicted by using the invariant flux factor of
M;éller13 to account for the variation of par-
ticle flux with the relative motion of the beam

and the target particle; it is
2 _ mZm? 1/2
£=[(p, - p)” - m{m ]/ "/ (mymy)

‘Here the momenta p, and p, are four-vectors,



and the subscripts b and t refer to the beam
and the target particle, reépectively. The
four-vector of the targét particle is taken to
be that of the deuté_ron minus that of the spec-
tator nucleon. '

In order fo see what sort of distribution is
predicted for the cosine of the angle between
the spectator and the b‘eavm. Monte Carlo cal-
culations were pérformed aﬁd ‘cos 6 histogram-
med for incoming pion momenta of 1.0, 1.5,
and 2.0 GeV/c separately, assuming the nu-
cleons in the deuteron are mo'vi;ng in a random
direction with equal and opposite momenta de-
scribed by the Hulthén'distfibution._ Figure
4 shows the results of the Monte Carlo expefi-
merﬁ: perfofmed for a beam momentum of
2.0 GeV/c. Figure 4a is the histogram of
cos 0 for all events, and Fig. 4b is that for
proton spectator lab momentum greater than
85 MeV/c, corresponding to the four-pronged
events of this report. The nonisotropy of the
di.stributiovns is evident. In fact, very similar
histograms are obtained for all three Monte
Carlo experiments. The histograms for in-
cident momentum bétween 1,0 and 2.0 GeV/c
are well approximated by a linear dependence
on cos §; it is f(cos 8) = 1.+ 0.10 cos 6§ for all
events, and for‘only those events with spec-
tator momentum greater than 85 MeV/c,

f(cos@) = 1+0.16 cos @ o (45)

Figure 5 displays the comparison between
the experimentai distribution in cos § (the anglé
between the spectétor and the beam) and the
distribution given by the flux factor. Figure
5a shows the distribution in cos @ for all
"good" events of the final state ppt m w°; the
straight line is Eq. (15) normalized to have
the same area as the histogram. In Fig. 5b
only the events with spectator momentum less
than 300 MeV/c are included, and here it is
seen that the agreement between the data and
the flux-factor prediction is good. The spec-

tator distribution of Fig. 3 and the cos 6 -

distribution of Fig. 5b indicate that events with
spectator momentum less than 300 MeV/c .
confofm well to the expectations of the impulse
model, '

It should be emphasized that the above
prediction for the distribution of cos 6 holds

only if the cross section is assumed to be con-

' stant over the range of c. m. energies produced

in the collisions. This is because the number
of events is proportion'al to the particle flux
times the cross section. However, the as-
sumption of roughly constant cross section is
valid for the ppn+1'r-n.° channel, as is discussed
in Ref. 3. _

Anothér important effect arising from the
ﬁbtion of the nucleons in the deuteron is the
smearing of the center-of-mass energy distri-
bution. In a collision of a beam with a station-
ary target nucleon, there is a unique c.m.
energy corresponding to the beam momentum.
When one of the nucleons. in the deuteron is
the target, however, there results a broad
spectrum of c. m. energies due to the fact that
the target nucleon has a range of momentum
and is moving in a random direction with re-
spect to the beamn. The c. m. energy for the
collision is

E . = by * by - 27112
The momenta here are four-vectors, and the
subscripts b, d, and s réfer to the beam,
deuteron, and spectator, 'respectively. The

motion of the target nucleon results in a c. m.

‘energy spectrum with a total width of 300 MeV

from a monoenergetic .beam with a momentumi
typical for this experiment (p=1.5 GeV/c).
Figure 6 shows the c. m. energy spectrum
for all '""good" four-pronged events in the final
state ppn+1'r-1T° with spectator momentum less
than 300 MeV/c. It is seen that the eight in-
cident momenta between 1.1 and 2.4 GeV/c
yield a continuous coverage of the c. m. energy

range from 1.7 to 2.3 GeV.



C. Glauber Screening

In a very intuitvive sense one can under-
stand that the cross section for a beam col-
liding with a deuteron is less than the sum of
the cross sections for a collision with each of
the two nucleons in the deuteron separately.

If the target deuteron is imagined to be two
hard spheres close. together, clearly part of
the time one of the sphevxjes occludes the other,
reducing the effective‘cross section. Glauberl4
has derived the expression

o (nd) = g (7n) + 0 (wp) -0 (wn)0 (wp)/4m ( 2, (16)
where (r") is the average squared separation

C

Wilkin15 has since

derived a modified formula which exhibits

betwee:n the two nucleons.

charge independence; he shows that the cor-

rection term should be

[cf (rn) o (wp) ~ (1/4)>[D'(1Tp) - o (rn)] %(411( rz()1)7)

for a charged-pion béarn. _
Recently accurate cross sections have

been pu'blished2 for 1;r+,a.nd 7~ incident on pro-
tons and deutefium over a wide range of ener-
gies. From Ref. 2 it is seen that over the
range of incident momenta of this report, we
have the total cross sections

o(rtp)~ 30 mb,

g(m p) ® 35 mb = olvn+n), by charge syms:

: metry.

Since [U(ﬂ+p) -o(rr+n)] 2 = (5 mb)?‘ is small
compared with o (ntp) 0(-n-+n), the correctioh
factor of Wilkin (Eq. 17) is almost the same
as the non-charge-independent correction
factor of Eq. (16).
seen that over our range of incident momen-
tum, (r"%)~ 0,02 mb~

the cross-section defect in this experiment

From Ref. 2 it is also
The typical value of

due to Glauber screening is, from Egq. (16),
approximately 1.7 mb; that is, the sum of the
Tr+n and 17+p cross sections is more than the
'rr+d cross section by about 1.7 mb, or 2.4%

of the total Tr+d cross section,

How this cross-section defect is to be
applied to the various final-state channels is .
unknown. The method of Section IV for ob-
taining cross section for n and w production

0 js valid if the final

in the final state pp'rr+1r-1r
states (5) through (8) are each depleted by the
same fraction. But even if these channels are
not all depleted due to Glaiber screening in
the same proportion, the difference in fracf-
tional depletion should not be more than the
total depletion itself. Since a difference in

depletion among channels (5) through (8) of

=2.4% is much smaller than the statistical
cross-section errors obtained, the Glauber _ :
screening correction has no effect on the n

and w cross-section determination.

D. The Pauli Exclusion Principle and Final
States With Two Protons

One can easily see that the Pauli exculsion
principle has an effect on fina.i states contain-
ing two protons. In particular, imagine a
very glancing (t ® 0) charge-exchange collision
of the 1r+ beam with the neutron in the deuteron
in which the neutron spin is not flipped. After
this hypothetical .charge-éxchange collision
there are two protons close together in a
spatially symmetric spin-1 configuration.
Since this configuration of two identical ferm-
ions is symmetric, it is forbidden by the Pauli
exclusion principle. Thus it is seen that in the
limit of no momentum transfer, such a charge-

exchange collision cannot occur in the absence

of nucleon spin flip. ¥
The effect of the Pauli exclusion principle
on charge-exchange scattering on the neutron ¥ ]

in the deuteron has been calculated for K+d

16, 17

scattering. The expression for the

‘measured cross section when there are two

final-state protons is
do/de={1 -H(q)] (do/d) .+ [1-H(q)/3]

(da/dﬂ)sf. (18)



ol

Here the subscripts nf and sf denote the
non-spin-flip and s'pin-flip cross sections re-
spectively, q = { -t)1/2_is the momentum trans -

fer in 'the collision, and H(q) is the deuteron

form factor, defined as.- »
. 2 -ig-
H(q) = [1$(r)1 “e & f.di.

Equation (18) Iap.p'lies to the vfi'nal state
ppn+1r;'1r° discuss.e'd here; it telis us how to
correct the prodii_ctién. angqfar distribution of
the three pions for the suppreé‘sion du_e. toAthe
Pauli principle. ILet us vx.'estri‘ct our attention
to the specific. reaétio_ns

n"d ppn (or w),
0

n(or o) = nim n?,

since it is the production angular distributions

for only the resonance events whose exact form -

form we are interested in.
Figure 7 shows the deuteron form factor
H(q), calculated using.the Hulthén wave func-

tion; it has the functional form16

H(q) = [2ap(a+8)/(B - )%q) L
><[1:an_1 q/2a + tan-iq/Zﬁ-Z tan~1 q/(a+B)] .
From the ‘fig'ure'. it'is seen that H(q) is appfeé
ciably different from zero only for —t.< 0.1 ‘
GeVZ, and it is only for this range of momen-
tum transfer squared that the effects of the .
Pauli ,exclﬁsion pr.inciple are important._ In
Sections V and .VI of this report, Where n
and w production are discussed, the produc-
tion angular distri_bufions are presented as
distributions of 20.bins in production cosine;
in all the production angular distribution
histograms, the two forwardmost of the 20.
bins, (0.8 < cos §<0.9) and (0.9 <cos § <1.0),
cover the momentum-transfer-squared range
out to at least 0;1.GeV2. Thus it is only the
forwardmost two bins that are affected notice~
ably by the Pauli principle, and the calcula-
tion of the effect is, for .sirnplicity, restricted
to this angular region. We define the sup-
pression factors f .=1-H(q), f ,=1- H(q)/3
taken from Eq. (18). Table II gives the

values of these factors averaged over the

production cosines of the forwardmost two

bins (each bin is 0.1 Wide in production cosine)
separately for the reactions n+d->ppn and

1'r+d-> ppw. - It is seen that fn is significantly

1ess than unity in the-produciion cosine in-
terval (0.9, 1.0) for the energies encountered
in this experiment, and thus implies a large
correction. THe suppression factors are to
be treated.as detection efficiencies .in the .
production cosine interval indicated, the events
in that interval being divided by the appro-
priate factor (or combination of factors) to
get the number of events that would be found
if the beam ha(_i- collided with a free neutron.
To make the correction, however, one must
know the relative sizes of the spin-flip and '
non-spin-flip cross sections. For this reason
the application of Table II in correcting the 7
and « production angular distributions is de-
ferred until Sections V and VI, Whére we infer
from the shapes of the production angular dis-
tributions the relative importance of the spin-
flip and' non-spin-flip contributions,

The upward corrections obtained above
are not expected to increase the n and w
cross sections obtained in Section IV, however,
This is because in'Section IV these resonance
cross sections are o'btained by normalizing to
the sum of the known cross sections for the
ché,rge-symmetric cdun’cerparts to reactions
(5) through (8). All these reactions have two
protons in the final state, however, and de-
pendiﬁg upon the'particular form of the pro-
duction angular distribution in each final
étate, all should be corrected upward to ac-
count for the Pauli .principle. The forward-
most two production bins, which contain not
more than 20% of the events for any of re-
actions (5) through (8), would be corrected
upward typically by about 15%, so that there
would be in general a correction of less than
about 3% to the total number of events in any
channel. This percentage prbba.bly does not

vary much for the four final states used for



normalization,
for the resonant part of reaction {6) would not
be significantly afyfected:by the Pauli principle.

1V. THE FINAL STATE (p)pn ™ 0

GENERAL CH.ARACTERISTICS

In this section attention is focused on res-

so the cross section obtained v

onance production in'the final state (p)p1'r+11'-1r°, '

in which it is explicitly assumed that one of
the final-state protons, designated as (p), is
a spectator to the reaction

+ + -9
TLTNPT W ML

: (19)
In order to help assure-that this is the case,
only those ''good" examples of final state" (6)
which have at least one’ proton with lab mo-
mentum less than 300 MeV/c are used in the
discussion of this sectlon and the two follow-
ing sections on 1 and w production. Spectator
protons with morﬁentum less than 300 MeV/c
do indeed conform well to the predictions of
the impulse model, as was seen in the preced-
ing section, partlcularly from Fig. 3 and 5b.
There are 8710 events satisfying the above

criteria.

A Mass Spectra .

Figure 8 shows the most 1mportant fea-
tures of reaction- (19). Figure 8a is a scatter
plot ofbc. m. energy vs the three-pion mass; -
a prominent n band at mass 549 MeV/c2 and
a very strong w band at about 785vMeV/cZ
characterize the data. The resonant signals
show up as large peaks in the three-pion mass
spectrum of Fig. 8b, the lower histogram of
which shows the spectrum for events in which
-t (from the beam'to the three pions) is less
than 0.6 GeVZ. "It will be seen below that this
mass spectrum and all others are well de-
scribed by a fit which includes 7 and w pro-
duction in the three -pion mass spectrum as
the only resonances present.

The three-pion mass spectrum is now
investigated more closely. In order to find

the amounts of ‘1 and w as a function of c. m.

"MURTLEBERT.

energy, the data were d1v1ded 1nto six c. m.,
energy intervals, each of which is 100 MeV
w1de, centered at the values E com. 1 8, 1.9
2. 0 2.1, 2.2, and 2. 3 GeV. For each 1nterval
a separate maximum- -likelihood fit to the data
was performed using the progzam

18 The amount, mass, and
widthcf the two 'resonances were determined
by the fit; the values obtained are given in’
Table III.

larger than the ‘established values of the widths
19

Because the n.aad w widths are
of these resonaaces, the line shape used in

the v_fits was Gaqssianﬂ_, and the widths in Table
III are full width at half maximum. Inclusion
of AtT(1236) in the maximum-likelihood fitting
procedure was found to indicate production of

only a few per cent of this resonance, with

large errors on its amount and width; in addi-

tion, the n an‘d w’.parameters were the same

*(1236) was included in the

so for simplicity this resonance is ignored

whether or not at
fit,
in Table III.

Each of F1g 9 through 18 shows a mass
spectrum from reactlon (19) at the six c.m..
energy intervals; the curves are the Monte
Carlo predlctlons of the maximum- 11ke11hood
fits summanzed in Table III. With the ex-
ception of the pTr spectrum, all the mass
distributions are well described by a fit in-
volving only 7 and w signals in the three-
pion mass spectrum.

The .morr‘xentum transfer squared between
the beam and the three pions in reaction (19)
All

SO

is plotted vs three-pion mass in Fig. 19.
c.m. energies are combined in the plot,
that there is hot a well-defined boundary, as
there would be if the c. m. energy had a single
value. Therefore the distribution of points in .
the vertical direction is not eqhivalent to the

production angular distribution. However, it
is apparent from the figure that «"s are pro-

duced out to -t of more than 1.5 GeV , whereas



n production occurs only out to about
-t = 1GeV?, B

Although there is .ﬁo obvious structure in
the three-pion mass spectra of Fig. 8 and 9
above the w mass, we have examined the pos-
s;’.bility of the presence of the H(990), ¢$(1019),

% modes

and A mesons, all of which have 1T+TI'-1T
reported. However,; it was found that whether
or not the mass of any two of the pions was
constrained to lie in the p band, no evidence
for any of these mééons was found. In the case
of the three-pion decay of the ¢, limited stat-
istics prevented a conclusive determination.

See Ref. 3 for a description of this analysis.

B. Cross Sections for the Reactions
mtn = pn, wTn > pw

The cross sections for 7 and w produc-
tion were obtained by calculating the ratio
Rres of the number of resonance (n or w)
events to the number of events fitting reactions
(5) through (8), the surﬁ of whose cross sec-
ti:()ns is required by charge symmetry to be
equal to the sum of the cross sections (cail

this sum o ) for the processes

sum’ " +
) T p—>T TN, (20a)
= otr " (mm). (20b)
The resonance cross section is then R o

res  sunm
The cross sections for reactions (20) have

been measured els'ewhere20 over the energy
range of this experime.nt; the values of Csum
used here are given in Table IV. Idéntical
"event goodness' and spectator momentumn
cuts were made on all of reactions (5) through
(8), and the fraction of n and w events in re-
action (6) was determined in 13 different c. m.
energy intervals, each 50 MeV wide, centered
at the values 1.75, 1.80, 1.85,..:, 2.,35:GeV.
The maximum-likelihood method was applied
to find the fraction of 1 and w events; in this
series of fits the resonance masses were set
at the average values seen from Table III

(m, = 549 MeV/c?, m_ =785 MeV/c?), and

the widths as a function of ¢. m. energy were
also obtained from Table 1II (interpolating
whe.re necessary). The cross section 0 sum
was calculated by interpolating from Table 1V,

To find cross sections for the processes

wtn - P, (21a)
- pw, : (21Db)
the data Were.corrected for the branching
rat.io_s:19 »
[n-n"r n%or y)] /(n— all) = 0.29, = (22a)
(@ = 7 n%) /(0 > all) = 0.90.  (22b)
In the calculation account was taken of the fact
that most but not all of the events with a wtrTy
decay of the . n were included in the events as-
signed to reaction (6). In fact, from the TT+TT-Y v
mass spectrum of the ""good'" events with
pspec.< 300 MeV/c gssigned to reaction (8) we
estimated that 26 n ~ 7 n y events are assigned
to this reaction. The maximum-likelihood fits
described above showed that there are about
318 1 events in reaction (6), so a correction
factor of 344/318 = 1.08 must be applied to the
n cross section, since the branching ratio
(223.) is used in the calculation. Furthermore,
an examination of the 1'r+1r_y mass spectrum as
a function of c. m. energy shows that the cor-
rection factor of 1.08 is independent of Ec. m.’
and so it has been applied at each c. m. energy
value. v _

As is discussed in Section III, the Glauber
screenipng of the target neutron by the spectator
proton and the effect of the Pauli exclusion
principle in suppressing low-momentum-trans -
fer processes should affect the cross section
determination only insignificantly. The reason
for this is basically that all the reactions {5)
through (8), which serve as the normalization
cross section, are affected in similar propor-
tions, so that thé ratio of the number of res-
onant events to the number of normalization
events is unaffected to a first approximation;
in Section III a more complete discussion is

presented.
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The main uncertainty in the method arises
from the spectator mornentum cut (pspéc <300
MeV/c) applied to all the events used in the
cross-section determination. Each.of reac-
tions (5) through (8) has a somewhat different
fraction of eventsvw,i’_ch spectator momentum
above 300 MeV/c, so that a different fraction
of events is excluded from each reaction.
However, as was stressed.at the beginning of
this section, events with spectato'r momentum
less than 300 MeV/c conform well to the ex-
pectations of the impulse model, so that for
each of the normalization re_é.ctions only those
events are used for which it is likely that the .
target particle is'a neutron rather than the
entire deuteron. 'Still, if scattering of the
final-state pions on' the spectator nucleon in
reactions (5)—(8) is the cause of most of the
high-momentum spectators, then differences

in the amount of this scattering among the

normalization reactions will lead to a system-

" atic error caused by excluding different frac-
tions of events for the different reactions (5) =
(8). This systemé,tié error could not be large,
however, since the_nofmalization reactions ~
all have similar fractions of high-momentum
spectators. ' _ .

It was noted in Section II that about 2% of
reaction (6) is actually contamination from
~reaction (10), indepéndent of energy. Reac-
tion (6) accounts for about 40% of the normal-
ization reactions (5)—(8), so that this contami-
nation is about 0.8% of the normalization
events. Therefore the cross sections for n -
and w production have been increased by this
percentage.

Table V shows the cross sections obtained
as described above for reactions (21). The
errors take into account the uncertainty in the
resonance fractioné and the errors in the
normalization cross section of Table IV. As
stated above, the'cré_ss sections are corrected

for unseen n and w decay modes.

The cross section for n production has
Been measured.elsewhere, both for reaétion_
(21a) itself (by Bacon et al. ! and by
Litchfieldzz) and for its charge-symmetric
éounterpart, 7 p-— nn (by Johes et al., 23
Bulos gtil. , ;4 Richards 'e_t_ait_l. , Deinet
_e_til. s 26 Crouch et a_l. , 21 Wahlig and’
Mannelli, 28 and Guisan g_t_a_l; 29), which should
have the same cross section. Likewise the
cross section for reaction (21b) Has been
measured at other energies, although much
less extensively, both for process (21b) itself

(by Kra_.emer et al., 30 Bacon P_Ea_l. , 21, Miller

11 "

et 9._1. , and Bensoh12) and for its charge-

.symmetric version (by Boyd et al. 31). " Figure

20a is a logarithmic plot of the n cross section

measured in this experiment, along with the
data points.of Bulos e_ta_l. , Bacon e_ta_l. , and
Guisan et al. For the sake of clarity, the
other measurements listed above are not in-
cluded in the figure. In general all the experi-
ments listed, including the one described here,
agree as to the total cross section where they
overlap with one another; an exception is the
discrepancy betwée_ﬁ the total cross-section
values reported by Crouch et al. and Guisan
et-al. Figure 20b shows the w cross-section
points of this experiment along with the data

of Kraemer et al., Bacon _e_Eﬂ.' , Boyd et al.,
Miller et al., and Benson, which for the most

part do not overlap with those of this report.

V. 1n PRODUCTION AND DECAY IN THE
REAGTION nTn - np

The discussion of n production and decay
presented in this section is based on 349 low-
background events in the n mass band that de-
cay as n =~ 1r+1r-n-° (or 'rr+1r-y). (About 10% are
estimated to be'n+1r-y decays; see Section IV.)
The mass cut for the n selection is
530 MeV/c? < m(n'n n% < 570 MeV/c?. These

events also satisfy the '"goodness' criteria

defined in Section Il and have spectator proton

} 3



momentum less than 300 MeV/c. The cross
section for 7 production as a function of c.m

energy is given inthe preceding section.

A. The n-Decay Dahtz Plot
Figure 21 is the Dalitz plot for the three-

pion decay of 349 n-band events. The x axis

-14-

is N3(T, - T_)}/Q, and the y axis is (3T,/Q) -1,
+ 0

where T, T_, and Ty are, respectively, the.
kinetic energies (iri the three-pion rest frame)
+
ofthew’, m_, andn? T and Q= mn -m - m"_—m"o
A topic of current interest is the viola-
tion of Cd—conJugatlon invariance in n decay

° and 1'r+n Y 32 24

into nmm an excess of
events on either side of the vertlcal blsector
of the n-decay Dalitz plot.of the form of Fig.
21 is an indication of C violation. The frac-
tional rlght left asymmetry, '

= R - L)/(R + L),

*tr n? Dalitz plot has been meas-

of the n= =
ured.by many lgroups. 35-39 The asymmetry
for the ntn"y decay of the 1 has also been.
measured (a.lthough with less precision than
for the nTa"n? decay). 40-43

The right-left asymmetry in the deca.y
Dailtz plot of the n events in this report is
A = +0,032% 0.054.

The variation along the vertical direction
in the density of points in the n = ntr n?

Dalitz plot of Fig. 21 is a well-known feature

‘of this decay, and it has been discussed as

evidence for the existence of an intermediate

ntn~ resonance in the decay.%4

When the 7 decay into aTn n is fitted

‘with a matrix element of the form

M(n > v n%) = 1+ b(3T,/Q-1), (23)
Price and Crawford®5 find b= -0.4540.05,
and Cnops et al. 4 find b=-0.55%0.02,

Figure 22 shows the variation of density
of points with the y coordinate 3T,/ Q-1 for
the Dalitz plot of Fig. 21,
22 is the density of points relative to that ex-

The y axis of Fig.

pected for uniform population of the Dalitz

plot. The density was calculated under the
assumption that of the events in the n-mass
cut, 86% are true n events, -and the rest are

background uniformly distributed over the .

Dalitz piot. The background estimate is ex-
plained Below in the discussion of the n-pro-
duction angular distributions. No account has
been taken of the estimated 10% of the‘ n events
which are really ﬁ+w_y decays. The straight
line is a good fit to the points in the figure and
has a slope of -1’. (23),
IM(n—+nTn"7%) 1% % 14 2b(3T,/Q- 1)
(assuming that b is real), this gives roughly

b = -0,50+£0.05 for the density variation factor

Since, . from Eq.
we have
for the n events in this experiment.

B. Production Angular Distributions for
_wtn > 1p

The production angle in this reaction is

*h rest frame [the rest frame

defined in the w
of the four-vector p ++pd p( ] as the angle
between the incoming 7t beam and the outgoing
ntn-n% momentum vector.

Appreciable numbers of events in the 7
band are found in the six 100-MeV -wide c.m.
energy intervals centered at Ecm * 1.7, 1.8,
e, 2,2 GeV; the first interval has 19 events,
and the rest contain between 40 and 80 ‘events

From the assumed Gaussian line
. .

apiece.
shape of the ' n n° mass spectrum in the

n-mass region it is possible to estimate the
fraction of background events in the n-mass

cut in each c. m. energy interval, using the

‘widths for the n signal given in Table III. The

background fraction estimates are 0.15, 0.07,
0.13, 0.47, 0.144, and 0.19, for the c. m.
energy intervals centered at 1.7, 1.8, 1.9, _
2.0, 2.1 and 2.2 GeV, respectively. The over-
all background fraction for all the events in
the 1 mass cut is 0.14. The three-pion pro-
duction cosine distributions for three-pion
masses somewhat above the n masé cut (there

are very few events with three-pion mass below
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the 1 band) are fairly flat at‘all c. m. energies.
Assuming that the production angula.r distribu-
tions in this control reglon are the same as
those of the background events in the n mass
region, the background events (whose frac-
tions are given above) were subtracted iso-
tropically in productlon cosine from the pro- '
duction distributions for all events in the n
band. ) » :
Figure 23 shows the production cosine
distributions in the c. m. energy intervals
mentioned above for events in the n band, with
isotropic background_ subfraeted in the amounts
given above. The variable in the distributionsv
is production cosine and not ‘mo'me'ntum trans -
fer squared (-t), beceose the 100-MeV range
of c. m. energies.in each plot means that the
maximum value of -t varies by typieally 25%
over the plot. As an aid in estimating the
t distributions, Ta.ble Vi silows (- t)rrun and
(-t) for the reaction w n—> 7np ata ser1es
of c.m. energy values. In Fig. 23 the shaded
areas in the forwa;i'dinost two bins are the
estimated correct'i'on_for the loss of events due
to the Pauli exclusion principle. Section II1
contains a discus'siori of this effect; in particu-
lar, see Table IIb. ° ‘From the presence of the
forward dip in the 7 productlon cosine distri-
butions, and from the fact tha.t the nucleon
spin-flip amplitude must vanish in the forward
direction, where‘asv the non-spin-flip amplitude

need not, it is assumed that the Pauli principle

correction factors to be used for the n produc-

tion cosine distributions are those for the
spin-flip amplitude. ‘

The sharpness of the forward dip in the
1 production cosine distributions suggests
that the dip may be due to an experimental
bias in the sample of events. 47 Because only
four-pronged events (events with two visible
final-state protone) are used for this report,
it is plausible that events with low momentum
transfer may be lost into the sample of three-

pronged events 1n the follow1ng way: Since

the target neutron, ‘when it collides with an
incoming nt and becomes a proton, is moving
with a Fermi momentum of around 100 MeV/c g
in the laboratory system, it is possible that '
for low- momentum-tra.nsfer COlllSlOnS many
target neutrons are"glven just enough three-~

momentum to make the lab momentum of the

- final-state proton below 85 MeV/c. Such a

proton does not produce a visible track, and
the event, which would normally appear as a
fop._r—p;o_nged event, .is a three-pronged event
and doe_s- not appear in the sample of n's
shown here. A Monte Carlo experiment was
progi‘an‘lmed to investigate this effect over a
few values of ¢. m. venergiee covering the c. m.
energy range of this vexperiment.v 1t was found
that this bias affects only the forwardmost bin
of any of the n production cosine distributions
presented, and th'a,f{ the-correction for eQents
lost from this ben into the tﬁree—pronged ‘
events and into other production cosine bins
due to identiﬁc-altiovn"of the wrong proton as
spectator was at rh'ost 4%, and typically 2%.
This correction cannot account for the sharp-
ness of the'forwa.r’dg‘dips seen in Fig. 23, ‘and
it is ignored because of its smallness. :It is
thus. felt that the sharp forward dips seen in

the figure are a real attribute of the data.

C. A Regge Descr1pt1on of the Reaction
mtn - np Using Veneziano-Type Residue
Functions

A briefer account of the work in this sec~
tion has appeared elsewhere. 48 The concen-
tration of events near the forward direction
(cos @ = 1) in Fig. 23 suggests a description of
the production process in terms of a t-channel
pole, that is, in terms of particle or Regge-
pole exchange. The only known particle which
can be exchanged in this reaction is the

A2(13OO)7rneson with spin-parity of 2t



=3

" 1.GeV’™

The differential cross section for this re-
action, in terms of the invariant amplitudes
A and B, 49 is

nrob 2 G (2
_0.3895 M% % {p 2
dcosd) (™) = Tgrs a‘i-;'h;zlA'.

2 .
s~-u,2 kt s =-u Ky
Here s, t, and u are the.usual Mandelstam
variables, and .
q. = initial- state c. m. three-momentum,
qf
k

final-state c. m. three -momentum,

t-channel meson,momenturn

2 3
{ (t- (mn_+1_n ) ][t-(mw -mn) }2/2( -t)2,
p =t- channel baryon momentum

-t/4)2

M = nucleon mass.

1]

All masses and momenta are in GeV. The
Regge form of the invariant amplitudes A and
B is the leading term in s of a Veneziano pa-
rameterization:4?
A (Gev™h) = a T[4 - a(t)] [1+e (D] (11 5)2(),
(24a)
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B (GeV 4= b,T1 - a(t)] [1+e™ () (o594,

(24Db)
a(t) is the AZ trajectory function, which is
taken to be the straight-line form

at) = 2+b (t-miz) =2+b (t-1.69). This

parameterization is similar to the standard
Regge treatment of t-channel helicity ampli-
tudes, 50 but the Veneziano model demé.nds N
that B" = b' = b be the universal slope of the
linear trajectories, Hence, when the univéf-
sal slope b is taken from experiment to be

2, A and B are prescribed up to the
real constants a, and bo' the only parameters
of our fit.

A least-squares fit to the shape only of
the n production angular distributions results
in the choice

b, /2, = 2.4 ' (25)
as the ratio of magnitudes giving the best fit,

which is displayed upon the six production

cosine distributions in Fig. 23. The curves

on the production distributions all satisfy Eq.
(25), but they are normalized separately to
have the same area as the respectwe histogram
in F1g. 23,
that é single choice of scale factor, i.e., a

fits both the shape

It will be seen below, however,

unique choice of a and by,
and absolute scale of all distributions. The
zero in the curves at.t = -1.3 GeV2 occurs be-
cause the signature factors in amplitudes (24)
go to zero when oz‘(t) passes through -1.

The energy dependence of the total cross
section for this reaction and its charge-
symmetric counterpart has also been compared
with the model. The cross sectionsr'of Ref. 21,
24, and 29, as well as the data points of this
experimeﬂt, were used to test the _vaiidity of
the energy dependence of the total cross sec-
tion predicted by the model; these data points
span the c. m. energy interval from threshold
for the reaction up to almost 6 GeV, the highest
energy at which-it has been studied. Figure 24
is a plot of the total cross section for reaction
(Zia) and its‘ch'arg'e-symrnetric eqﬁivalent vs
c.m., energy, along with the prediction of the
with

chosen so that

Reggeized Az-exéhange model.
bo/ao '
the curve passes through the arbitrarily se-

= 3.46 GeV, the fit

is seen to be very good over the entire range

= 2.4, and the value of a

lected data point at Ec

. .

of ene rgieé. The energy dependence of the
curves is seen to be quite sensitive to the
value of b,/a,; agreement with the total-
cross-section data is obtained ohly for the
ratio b /ao within *+ 5% of the value 2.4, which
is the same ratio needed, within +10%, in
order to fit the shape of the production angular
distributions! Furthermore an A2 trajectory
slope of 1 C}eV-2

width of the experimental production cosine

#10% is necessary to fit the

distributions, and this is in accordance with
a universal trajectory slope of 1 Gev™2.
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The parameter values used to obtain the
fit to the shape of our productlon angular dis -
tr1but1ons and to the total cross sectmn over
a wide range of energles are'a, 28 1,

= 68.8.

Figure 25 shows the differential cross
section do/dt for: - o
n- Yy o (28)
from Ref. 29 at c.m, energies above 2,50

'n'p*nn}‘

GeV, along with the predictions of the Reg-
geized Az-exchan'ge model' the curves are
normalized to have the same area as the
histograms. The agreement between most

of the experimental dlstrlbutmns and the model
is seen to be satisfa.ctory; the total-cross-
section poi}nts of this reference are in excellent
agreement with the model, ‘as is seen from
Fig. 24. Figure 26 shows differential cross
section measurements from two more experi-
ments, In Fig. 26a the differential cross
section measured by'Bensoniz’ 51

with the model.

is compared
Here the'agreement is quite
good except for the greater number of events
at large values of -t than is predicted By the
model. However, it should be noted that the
experimental distribution of Fig. 26a includes
events from reaction (6) with spectator proton
momentum greater than 300 MeV/c. These
are events which are suspected not to arise .
from =t collisions with only one of the nucleons
in the deuteron, and they are at the same time
events which are likely to have large momen-
tum transfer values, since both final-state '
protons have lab momentum greater than 300
MeV/c. It is further noted that the sharp
forward dip in Fig. 26a is in disagreement -
with the equivalent distribution of Ref. 29
shown in Fig. 25b. Figure 26b is the differ-
ential cross section for reaction (26) deter-
mined by Wahlig and Ma.nnelli28 at

Ec.m. = 4.43 GeV. The distribution is

broader than the model predicts; in this con-

nection it is noted that the equivalent distribu-

tion of Ref. 29 seen in Fig. 25d is narrower
than that of Wa.hhg and Mannelli and more in
agreement with the model, although both: these -
sources obtain the same,total cross section.

At the lower eﬁd_ of the energy spectrum
Richards e_tal. 25 ha.ve measured differential
cross sections for‘reaction (26) which are in
excellent agreement with those of this report
at the energy va.lues where they overlap Only
1n the d1fferent1a.l cross section measurements
© =4.55 GeV,

the mass value of the N1/2(1550) resonance,

of this reference around E
19
do the data differ markedly from the predic-
tions of the Reggeiied Az-exchange model.

" The simple two-parameter Regge exchange
model described here is thus sufficient to de-

scribe both the production angular distribu-

‘tions and the tqtal cross section for reaction

(21a) over a wide range of energies; this in-
dlca.tes that the t-channel process of A2 ex-~
change dornlnates the reaction from near
threshold up to the highest energy for which
data are available.

Reference 52 is a list of other Regge fits
to this reactio'n,"us'ing different parameteriza.-

tions.

V. w PRODUCTIOli AND DECAY IN THE
REACTION 7 n —* wp

The =1 0 decay mode of the w is the only

" one considered in this report, and an w event

is defined as one for which ]
750 MeV/c < m(wr 7w %) < 820 MeV/c . Only

those events are used which satisfy the "

good-
ness' requirements of Section Il and have
proton spectator momentum less than 300
MeV/c.

mass band defined above; the background

About 3100 such events lie in the w

fraction in this cut is estimated to be 17%.
The reader is reminded that the cross section
for w production as a function of c.m. energy

is given in Section IV.



A. The w-Decay Dalitz Plot
The Dalitz plot for the three-pion decay

of 3116 w-band events is shown in Fig. 27.

" Ty, T, and T, are _'ché kinetic epergies in
the w rest frame of the o+, #7, and 7%, -re-
spectively. The prbmi'rient feature of this
Da.htz plot is the concentra.tlon of events near
the center and the paucity of events near the
.bounda.ry. This character;stlc d1str1but1on of
events in the Dalitz plot was used to determine
the spin-parity of.the' was 17 in the analysis

of the experiment in which this meson. was
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discovered and all its quantum numbers deter- .

mined. 53 Since then Flatté et al. >4 have made
a thorough analys1s of more than 4600 three-
pion w decays and also conclude that the spin-
parity of the w is 4". The simplest matrix
element for the decay of a 1° partic.le into
0

LT P Xp_, where p, and p_ are the mo-

mentum vectors of the nt and the w~ in the
three-pion rest frame. 55 The prediction of
this matrix element is displayed on the Dalitz
plot of Fig. 27. The contours are lines of
constant intensity; the center of the Dalitz plot
has maximum probability, and fhe boundary
is the contour of zero probability.
The fractional left-right asymmetry of
the events on the w Dalitz plot in this report is

= (R -L)/(R+L) =.-0.024 £ 0,018,

B. Production Angular Distributions for
TTn—> wp

The produc_tiqh angle is the angle between

*r 7% mo-

+

the n7 beam and the final-state =
mentum vector, in the initial-state w™n rest
frame, '

Production cosine distributions were ob-
tained for six 100-MeV-wide c. m. energy
=1.8, 1.9,-

2.3 GeV; the intervals contain between 200

intervals centered at E .y
c.m.

and 750 events each. Using the Gaussian

widths of the w signals in these intervals (see

Table I1I), we have estimated the background

fraction in the w mass cut for each interval of

c.m. energy. The background estimates for
the iﬂtervals centered at Ec = 1.8, 1.9, 2.0,
2,1, 2.2, and 2.3 GeV are 0.18, 0.17, 0.20,
0.16, 0.11, and 0.14,

of the background production cosine distribu-

respectively. The shape

tion was presumed to be the same as that for
three-pion combinations with masses above
and b.elow the w mass. The sum of production
cosiné distributions for three-pion’ masses
abéve (83v0 I\/IeV/c2 <m(3m) < 930 MeV/cZ) and
below (640 -Mev/c2 < m(3m) < 740 MeV/cZ) the
w maés was found to be forward-peaked at all
c.m, energies except 1.8 GeV. The shape of
the production cos_.ine distribution for these
three-pion mass cufs is well approximated by
the empirical function

b(cos By =1+ ne-(1-cos 6)/0.25
between 1 and 5 (except h=0 at 1.8 GeV).

background with this shape was subtracted

! where h varied
A

from each production cosine distribution in the
amount given by the fractions stated anve.
Figure 28 gvi‘ves the w production distri-
butions for six 100-MeV-wide c. m. energy
intervals after subtraction of the estimated
background. We note that the energy interval
of>Fig. 28a lies just above threshold for w pro-~
duction, The shaded area in the forwardmost
two bins is the estimated number of events
suppressed at low momentum transfer by the
Pauli exclusion principle. This effect is dis-
cussed in Section III. The fact that the pro-
duction cosine distributions at the three
highest energies have a somewhat flat forward
peak suggests that the spin-flip as well as the
non-spin-flip amplitude contributes. It was
thus decided to take the average of the spin-
flip aﬁd non-spin-flip Pauli suppression fa.?-
tors of Table Ila in making an upward correc-
tion to the two forwardmost production cosine
bins at each energy. Table VII shows ('t)mln
and (-1:)max

c. m. energy values so that the t-distributions

for this reaction at a number of

can be estimated.



C. Decay Angular Distributions for w—=m'r n°

The decay of w mesons from the reaction
w+n-*wp is described inthe rest frame of the
w. The decay direction is the direction of the
normal to the plane of the three deca.y p10ns
Correlation data for w decay are given for’ two

reference frame s.
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Here

azo=(Yg(9.¢)>‘;-<< 5‘">1'/2<%C°529 - %) Y, -

2(Re[ Y3 (6,0]) =

. \1/2 :
2( -(é-g)/ sinfcosfcosd) »

1}

221

a. Jackson frame:”
Here the axes in the w rest frame are de-
fined as follows: !

= direction of 1ncom1ng beam,

2
;r: = normal to production plane, .’
x =yXz.
b. Helicity frame:
The axes in the w rest frame are
= direction of flight of the w,
= normal to the _ijroduction plane,
= sz

Ik <IN

In both definitions the’ mormal to the productlon

plane is taken to be' bXw, where b is the three-- v

momentum of the incident beam and w is that
of the outgoing w meson.
The distribution of the normal to the

three-pion plane in these two frames is given

by57 v
3 2 1 : .2
W(0, $) :'T'I'ﬁ»[po, pCos O+ 7(1 - Py, 0)511'1 0
-py _1sin20eo.52¢ - '\/_—Z_R'e(p1 O)SinZB,cosc[;]
. (27)
Here p; i are the elements of the w spin den-

sity matrix.

The method of moments was used to de-
termine the values of the density matnx ele-
ments. If the fraction of w events in the w
mass cut is f, then under the assumptmn that
the background events in the cut produce no
decay correlations of the form given in Eq.
(27), the density matrix elements are given

by

1/2
115
Py -§+§(z;) 2,0/t
1 [30\l/2 /¢
Py, -1~ " T2\%w aza/ts

1 1/2
Relpy o) = 1_2(31‘_5) g/t

25 = 2 (Re[Ya(0,)]) =

1/2
2( (15> R sin26c052¢> s

where the (Y, ).;.re the averages of the spher-

o
!

ical harmonics over the decay distribution.

- Ateach c.m. energy the events were
divided into production cosine intervals such
'th;at_ eaeh interval contained about 100 reso-

‘ nance events. .'II'I each production cosine inter-
‘ val the maximum-likelihood fitting program
MURTLEBERT'®

fraction of w even’cS' the fit was performed

was used to estimate the

leaving the w mass and width to be found as
well as its fractlon The assumption that only
the w events (and not the background) contrxb—
i ute to the moments of YO, Re(YZ), and Re(YZ)
was strengthened by taking moments in the
nonresonant mass band 830 MeV/c'2 < m(3n)
< 930 MeV/c for each c.m. energy 1nt;erva.1.
and noting that these moments are consistent
wii%,h zero. Since or‘ilyi w events and background
events, whose Athree-p-ior_l 'decay' should be
isotropic, are assumed to be present in the
w mass cut, only the three moments listed
above should be'non\./anis‘hing.. To check this
prediction, all the moments of Yz, Re(Y;n),
and Im(Y;n) for £ = 1,2,3 were calculated,
and it was seen that all moments, except the
allowed ones, are consistent with zero in the
w band.

An independent check on the method was
supplied by a series of maximum-likelihood
fits, in which the decay correlation ceoffi-
cients a0 asy and a,, were included in
addition to the w amount, mass, and width.
In a few production cosine intervals no solu-

tion could be obtained, since a few events

o



yielded negative likelihec_)ds, but in all cases
in which a solution was found, the 'c.oefficients
were in excellent -agreément With‘those de-
termined from the moments analysis.

The density matrix elements quoted m
this report are the ones found from the mo-
ments analysis. ‘ '

Table VIII gives the dens1ty matrix ele-
ments in the Jackson frame found as described
above, and Table IX glves those in the he11c1ty

frame. The errors take into account the un-

‘ certainty in the coef.f}f:lents‘ as0r 2242 and ass

as well as that in the w fraction. Figures 29,
30, and 314 show the density matrix elements
P, o’ p1' -1 end'Re-(pi‘ o) respectively, in
the Jackson frame.: The curves in these flg—

ures are discussed bel(_)w. Flgures 32 through

34 display these density matrix elements in
the helicity frame. '
it is noted that the density-matrix values

in the Jackson frame for E m. - 2.0 GeV

agree well with the values glve;l by Bacon

et al. 21 averaged.over all production cosine.
The Jackson frame values of p, , are also
similar to those found by Mlller, etial H
Cohn et al. 58 and Bensonl?s 51 4t higher
energies typlcally Po 0~ 0.5, which implies

a1+cos 6 decay d1str1but10n

D. An Attempt to Describe the Reaction
Tfn—~ wp Using a p-Exchange Model
With Absorption L

The forward peaking of the productlon
cosine dlstrlbuuons of Fig. 28 at the higher
c.m. energies suggests that in this energy

region, say for Ec >14.9 GeV, a descrip-

tion of the production‘process might be ob-
tained in terms of particle or Regge-pole ex-
change. An exchanged meson must have I=1,
and of the four I =1 possibilities (m, p, AZ’ B),
m™ and A have the 1ncorrect G parity. The

p meson has a lower mass than the B meson
and might at first consideration be expected

to contribute more than the B.
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The postulate of p exchange leads to the

conclusion that ibpo,o = Re(pi, 0) =0

"in the Jackson frame.

It is clear from the nonvanishing values of
Po,0 in the Jackson frame in this and other ex-
perlments that the s1mp1e p-exchange process
discussed above does not agree with the data.

A way around the difficulty is the inclusion of
absorptive corrections, that is, the inclusion
of diffractive scattéring of the initial- and
final-state particles along with the p exchange.
J: D. Jackson and his co-workers have de-
veloped a theory of particle exchange, includ-
ing the effects of absorption; Ref. 56 is a list
of papers expounding the theory and summariz-
ihg its comparisons with many experiments. '
The initial- and"ﬁna_l-state absorption (dif-
fractive scattering) not only change the value
of Po,0 from that expected according to simple
p exchange, but also predict production angular
distributions narrower than those predicted by
the p propagater factor alone.

In essence, the initial- and final-state
diffraction SCattering processes each contrib-
ute to the overall process with a phase shift
8(2) given by .e215(“ 1-Ce -yt , where, by
aﬁalogf with diffraction scattering on a "gray"
disk, C gives the"‘darkness” of the disk (C =1
gives an opaque disk, . C =0 means no disk at
all); and y = 2/k RZ, where k is the particle
momientum, R is the radius of the diffracting
disk, and £ is the angular momentum. The
parameters y and C are known for the initial-
state scattering (n-+n scattering in our ex -
ample), and for the final—sfa.te scattering the
usual choice’" of parameters is C=1, and
Yfinal = %72 Vinitial’

A fit to the reaction mn = wp at our c. m.
energies using a p-exchange model with ab-
sorption has been attempted.59 With the ab-
sorption parameters y and C fixed as stated in
the above paragraph, fits were tried for three

values of the ratio GT/GV' the ratio of tensor
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to vector coupling at the'» pnp vertex. 20 The.
model was comparéd with the data of this re-
port for GT/G = 1,2, and 3; at all these
values the agreement is'in general poor, so
that no more detailed fitting was.a.tt_empted»
Although xv/ector-me'son dominance of the
nucleon form factoi{‘predic_ts GT/GV = 3;7,56
this value was not tried, since the agreement
between the model.and the data, where present,
occurred for a ratlo of 1 .

The total cross section for th1s reaction
cannot be described by the model, since the
experimental cross section drops a.fterv reach-
ing a peak near threshold (see Fig. 20)," where-
as the model predlcts a cross section nslng
uniformly with energy from threshold. In
order to ignore this basic dlscrepancy between
experiment and the theory, the differentia..‘lv
cross~section cu_ryés -p'fedieted by the mo&el‘
have beenvnormalized» to have the same area
as the histograms of Fig. 35, which shows the
differential cross section and the. theoretical
curves for GT/GV = 1. The curves agree
with the experimental production distributions
only for EC m. = 2'.2,'end 2.3 CeV. The curves
in Figs. 29-31 show the predictions of the p-
exchange model -With‘ebsorption for the w=
decay density matrix elements. The value
GT/GV = 1 was s.elecvted for graphical com-
parison with the data primarily because it
yields a falrly good fit to p, ,0° However, the
agreement with p1 and Re(p1 o). is poor, :
as it is for the other values of GT/G Sim- .
ilar difficulties in comparing this p-exchange
model with experiment have been met By other
authors. 11,12, 21, 58 :

An attempt -to understand the reaction
o~ wp in terms of a Regge pole-exchange -
model involving both B and p trajectory ex-
changes has also been attempted by some

11,12,21

authors, with little success.

Letters 23, 41 (1969);

VII. LITERATUREV ON ntd EXPERIMENTS

. The followmg is a compilation of lltera-
ture sources on'm d experiments performed in.
bubble chambers, it is hoped that the COmplla.-
tion is complete up to’ about September 1969.

_The exposure reported here (beam mo-

mentom of 1.1 to 2.4 GeV/c) was done along

with a higher-energy exposure (beam momen-
tum of about 3 and 4 GeV/c).

both parts of this experiment are listed first,
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Table . Momentum settings and exposure size.

Beam -

momentum- =

(GeV/c)

1.10

1.30
4,53

1,58
1.70

1.86

2.15

L 2,37

Number of
pictures

© {.{approgimately)

13 000
13000
50 000
13000
50000 -
50 000
50 000
26 000

Exposure
size

‘ ‘(events /pb)

.0.44
0.44
2.55
0.45
3.00
2.92
2.97
0.84

Table IL Spin-flip and non-spin-flip suppression factors due to the
Pauli principle for the two forwardmost production cosine bins.

Eem.
: (_G‘eV!
For 1r+d ~_ ppw
1.8
1.9
2.0
2.4
2.2
2.3
2.4
For n'd - PPN
1.7
1.8
1.9
2.0
2.1
2.2
2.3
2.4

(0.8 < cos 6 < 0.9)

fnt
0.93
0.93
0.93
0.94
0.95
0.96

- 0.96.

0.87
0.89
0.91
0.93
0.94
0.95

0.96 .

0.97

fsf

0.98
0.98
0.98
0.98
0.98
0.99
0.99

1 0.96
- 0.96
0.97
0.98
©0.98
0.98
0.99
0.99

(0.9 < cos 6 < 1.0)

o

0.91

0.87
0.85
0.83
0.83
0.83
0.84

0.74
0.73
0.73
0_.7%
0.76
0.78
0.79
0.81

fva

0.97
0.96
0.95
0.95
0.94
'0.94

- 0.95

0.91

0.93
0.93




. Table IIL

-26=

Number of e_veni':s,i and the .amount, fné.sa,
and width of n and w, in each of

éix 100-MeV -wide c. m. energy intervals."

Number

Ec.m. of . mn - n 7 ) R Fm

(GeV) —events fraction (MeV) (MeV) ‘fracgion .i(MeV); {(MeV)
1.8 509 0.083£0.023 548+3 2419 0.503+0.058 784 1 3110
1.9 1278 0.059£0.008 54743 39+ 7 0.432£0.019 786+ 1 38+ 3
2.0 1972 0.033%0.004 549%1 19+ 3 0.314%0.015 784+ 1 37+ 3
2.4 1976 0.037%0,005 549%% 25+ 3 0.287£0.013 786+ 1 39+ 3
2.2 1644  0.024%20.004 5491 11+ 2 0.274%0.014 785+ 1 47+ 3
2.3 954 0.012£0.004 550+2 14 3 0.202+0.045 785+ 2 39+ 4

Table IV. Sum of cross sections for the reaétidns
- @ p=>ntr"n and v p>ntr- (mm)
as a function of c. m. energy.

Co M. -

. (GeV)

1.618
1.716
1.726
1,795
1.872
2.030
2.181

2.232

2.309
2.405
2.504

'osum

_(mb) . Soufce
11.5+0.6 a
14.40.6 h
10.4+0.8 a
10.4+0.8 b
11.120.3 b
12.0£0.7 b
11.6%0.6 A c

- 11.8+0.6 -

10.7+0.6 o
10.4+0.5 ¢

9.0+0.4 , c

a. E. Pickup et al., Phys. Rev. 132, 1819 (1963).
b. T. C. Bacon et al., Phys. Rev. 457, 1263 (1967).
c. L. D. Jacobs, Ph.D. thesis, UCRL-16877, 1966.
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Table V. Cross sections for wn np and 1r+n—>mp
- a8 a function of c.m. energy
in 50-MeV intervals centered at the values given.

E_ .. qhﬁh-+np) o nn->wp)
(GeV) _{(mb) - (mb) .
1.75 1.30+0.44 1.50+0.29
1.80 1.09+0.35 2.46%0,35
1.85 1.66£0.33 2.5140.25
1.90 " 0.87%0.20 2.11£0.20
1.95 0.90£0.19 - 1.99£0.19
2.00 0.50£0.13 1.52£0.17
2.05 0.59+0.14 1.6840.19
2.10 0.55+0.14 1.58+0.18
2.15 0.60+0. 14 1.40+0.16
2.20. 0.55£0.14 1.70%0.19
2.25 0.290.12 1.19£0.17
2.30 0.30+0.42 1.08+0.16
2.35 0.16%0.11 1.04£0.19
Table VI. Limits on momentum transfer squared as a function of c. m.
' energy for the reaction mtn—np. '
Ec. m. (_t)min (-t)max
(GeV)  (GeV?E) . (Gev?2)
1.65 0.032 0.79
1.70 0.025 0.95
1,75 0.020 1,12
1.80 0.016 1.29
1.85 0.014 1.47
1.90 0.011 1.65
1.95 0.010 1.84
2.00 0.008 2.03
2.05 0.007 2.23
2.10 0.006 2.43
2.15 0.006 2.64
2.20 0.005 2.85
2.25 0.004 3.07
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Table 'V'I‘I.___Limits on momentum transfer squar'ed"va.»s -a function of ¢. m.
o energy for the reaction ntn—wp.:

E.. m e | =) nin S (-t
(GeV) - | o _(Geve) c (GeV©)
175 0183 o 0.555
1.80 o2t 0,790
1.85 £ 0.091 S o 0.999
1.90 o 0.074 . 1.203
1.95 o 0.058 - | L 1.406
2.00 - 0.048 | | 1,610
2,05  0.041 L o 1.817
2.10 . o 0.035 o 2.028
2.5 . 3 0.030 o . 2.243
S 2.200 0.026 o 2.462
2.25 0.023 - . 2.686
230 . 10.020 B 2.914
2.35 . 0.018 SR 3,147




-29-

Table VIII. w-decay density matrix elements in the :Jackson frame

as a’function of c. m. ‘eénergy and production cosine interval.

E
A Co TN,

(GeV)

cos §

1.9

2.6. '<';

24 <

2.2

. . ("10 0‘)li
:(o,tab‘»
(0.5, 1%)

(-1, . -0.3)
(-0.3,.0:1)

-i-‘0~1’ 0.4)
(0.4, 0.7)

(0.7, 1)
(=1, -0.3)
(-0.3,.0.1)
(0.1, 0.4)

(0.4, 0.7)

(0.7, 1)

(-1, -0.2)
(-0.2, 0.2)

(0.2, 0.6)
(0.6, 0.8)
(0.8, 1)
(-1, 0)
(0,-0.6)

(0.6, 0.85)
(0.85, 1) .

(-1, 0.7)
(0.7, 1)

Po, 0

0.53%0.12
0.60£0.14

0.49+0.13
0.62+0.18

0.61£0.11

0.58+0.11
0.63+0.11

© 0.33%0.11

0.52+0.13

0.80£0.13

0.53+0.10
0.51£0.10
0.31£0.09
0.40%0.10
0.5540.11
0.37+0.09
0.2040.08
0.42£0.09
0.30+0.11
0.34+0.11

© 0.27+0.08
0.49+0.09.
0.42+0.12
0.49+0.10

‘pi’ ;1.

~0.0520.08
-0.04+0.09
.0.0?io.io
-0.0640.10
-0.19%0,08

0.0120.07
"0.09%0.07

©-0.060.10

0.00+0.08
-0.08%0.07
-0.03£0.07
-0.03%0.07

0.0420.07
-0.42£0.09

-0.09+0.08
0.050.08
0.07£0.09
0.08+0.08

-0.29+0.13
.=0.09%0.10

0.09+0.07

-0.11£0.07 -
-0.11%0. 40

0.08+0.07

Re(p1,0)

0.12+0.08
-0.05%0.08
-0.08%0.08
-0.01%0.08
-0.07+0.06
-0.10£0.06
-0.16%0.06
-0.06+0.08

' -0.06%0.07

-0.15+0.07

.0.24%0.08

-0.21£0.06
-0.18%0.06
-0.16+0.08
-0.16+0.07
-0.21+0.07
-0.47+0.06
-0.05+0..06
-0.16+0.09 -
-0.27+0.09
-0.-12£0.05
-0.01+0.05
-0.16+0.09:
-0.16+0.06




. -30-

Table IX. w-decay density matrix elements in the helicity frame :a_,s,a
' - function of c¢.m. energy and ‘production-cosgine interval.

E_ o o | ‘
GN)  coso -P0,0 Py, Re(py o)
(-1, 0) 10.530.13 ~0.04£0.08 ~0107£0.07"
1.8 4 (0, 0.5) 0.230.12 -0,22£0.12 0.0120.08
b s 1) 0.40%0.12 0.0320.10 0.12+0.08
L (-1, -0.3)  0.4620.15 -0.14%0.12 -0.11%0.09
| " °”r' (-0.3, 0.1) . 0.36£0.09 - ©-0.31£0.09 -0.03%0.05
1.9 J,j (0.1, 0.4)  0.18+0.09 -0.20£0.09 0.02%0.06
(0.4, 0.0) 0.15£0.09 £ -0.15£0.08 0.18+0.06
U 07, 1) 0.43£0.13 " 0.00£0.09 0.070.08
. (-1, -0.3) 0.38+0.11 '-f0.07¢0.o9‘ -0.08+0.07
1 (-0.3, 0.1)  0.2320.09 -0.360.10 ~0.17+0.07
2.0 4 (0.1, 0.4) 0.08+0.10 | -0.26£0,40  0.43%0.07
(0.4, 0.7) 0.2940.08 -0.14+0.08  0.20£0.06
0.7, 1) 0.60+0.11 10.1920.08 0.07+0.06
(-1, -0.2)  0.15%0.10 -0.24%£0.11  -0.06£0.07
o (-0.2, 0.2)  0.20%0.09 | -0:26%0.10 20.05+0.06
2.4 4 (0.2, 0.6) 0.12%0,10 . -0.070.08 0.16%0.06
1 (.6, 0.8) 0.42%0.10 0.180.08 0.15%0.06
(0.8, 1) 0.430.09 © 0.0840.08  0.12%0.07
‘ o (-1, 0) 0.17+0.13 -Q.3§§0.14 0.01%0.07
L. ) 008 0.130.12 -0.49%0,12 . 0.45%0.09
7o) (0.6, 0.85)  0.33£0.07 0.42%0.07 ©0.10%0.05
L (0.85, 1) = 0.45%0.09 ' -0.13£0.08 0.0440.06
y sl _‘{7 (-1, 0.7) 0.30£0.11 -0.1820.12 10.0940.08
o (0.7, 1) 0.430.10 . 0.05%0.07 0.15%0.06
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Figure Captions’
Fig. 1. Missing-mass-squared distribution for 14 829 "good" ppm im0
events. Approx1mately 700 events lie out51de the limits of the

hlstogram, :

Fig. 2, (a) Klnematlc confldence level and (b) 1on1za.t10n confidence

level for 20 924 events a851gned to the f1na.l state pp1r+1r "0,

Fig, 3 La.boratory system momentum of lower-momentum proton in-

the final state pp1r+1r 0 for four-pronged events; the curve is the
Hulthén dlstrlbutlon normalized to have the same area as the

hlstogram in the 1nterval (110 MeV/c. < p < 160 MeV/c)

Fig, 4, Dlstrlbutlon of cosine between beam and spectator nucleon
for aw d Monte Carlo experiment of 100 000 events with beam
momentum of 2.0 GeV/c, taklng the Myfller flux factor into account.
(a) All events, and (b) events with spectator ‘momentum greater

than 85 MeV/c.

Fig. 5. : _Distribution of cosine between bea.m and épectator proton for
"good" four-pronged e"vent's‘ from the final state pp1r+1r-1r°‘. (A) ALl
events, and (B) events with spectator momentum less than 300

~MeV/c. The curves are Eq. (15) normalized to have the same

area as the histograms in (A) and (B).

Fig. 6. Distribution of c. m. energy for "good" four-pronged events
from the final state (p)pw+1r “m% with spectator momentum less
than 300 MeV/c. ‘ '

Fig. 7. Deuteron form factor vs momentum transfer squared, calcu-
lated using the Hulthén wave function.

Fig. 8.» (a) m(n T "7%) vs c.m. energy; (b) m(n+1r-1r°). The lower

histogram has events with -t(beam to 'rr+1'r-1r°) < 0.6 GeVz.

Fig. 9. m('rr+1r_1r°)'in six 100-MeV -wide c.m. energy intervals centered
at. (a) 1.8, (b) 1. 9, (c) 2.0, (d) 2.1, (e) 2.2, and (f) 2.3 GeV; the

curves are from maximum- llkellhood fits.
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curves are from maximum - l1ke11hood f1ts. S

Fig.
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10 m(p'rr ) in s1x 100-MeV - w1de c. m.,v energy ‘intervals centered
at(a) 1.8, (b) 1.9, (c) 2.0, (d) 2.1, (e) 22-and(f) 23GeV the

1'1.' m(p'rr‘) in 51x 100 MeV ‘w1de c.m. energy intervals centered

.'at(a)18, (b) 1.9, (c) 2.0, (d) 2.1 (e) 2.2, and(f)23GeV the -

‘curves are from maximum - hkehhood f1ts

. '1»2." m(p'n'o) in six 100- MeV-w1de c. m. energy 1ntervals centered

at(a) 1.8, (b) 1.9, (c) 2.0, (d) 2.1, (e) 2.2, and () 2.3-GeV; the

Fig.

curves are from maximum- 11ke11hood fits.

. 13.' m(Tr m ) in 51x 100 MeV wide c. m. energy 1ntervals centered

at.(a) 1.8, (b) 1.9, (c) 2.0, (d) 2.1, (e) 2.2, and (f) 2.3 GeV; the

curves are from max1mum 11ke11hood flts

14. fm(Tr 1r°)v in six 100-MeV-Wide c.m. energy intervals centered

~at (a) 1.8, (b) 1.9, (c) 2.0, (d) 2.1, (e) 2.2, and (f) 2.3 GeV; the

curves are from maximum-likelihood fits. -

. 15, m(w_ﬁo) in six 100-MeV -wide c. m. _energy intervals centered

~at(a) 1.8, (b) 1.9, (¢) 2.0, (d) 2.1, (e) 2.2, and (f) 2.3 GeV; the

‘Fig.

Fig.

Fig.

18, 1 m(pr %) in s1x499~MeV—w_1de c. m. energy intervals centered

curves are from maximum-likelihood fits:

16.:’“ m(pTr+Tr ) in six 100-MeéV -wide c. m. ' energy intervals centered
at (a.) 1.8, (b) :l 9, (c) 2.0, (d) 2. 1, (e) 2. 2 ‘and If) 2.3 GeV; the

curves are from maximum-likelihood fits, -

.A 17. m(p-rr+1r°) in six 100~ MeV- wide c. m. energy intervalsA centered

at (a) 1.8, (b) 1. 9, (c) 2.0, (d) 2.1, (e) 2.2, and (f) 2.3 GeV; the

curves are from ma.x1mum -likelihood f1ts

at (2) 1.8, (b) 1-9,' (c) 2.0, (4d) 2.1, (e) 2.2, and (f) 2.3 GeV; the
curves are from ma.x1mum hkehhood fits.
19. .m(Tr T n%) vs ~-t(beam to 'rr+1'r %),

20. (a) Logarithmvlof cross section for m n - np and ©p = nn vs
c.m. energy, data from this and three other experiments; (b) cross

section for Tr+n—’wp and T p—~wn vs c.m. energy, data from this

and five other experiments.
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24, Dalitz plot of 349 events in the n- mass band (530 MeV/c
(530 MeV/c < m(3'rr) < 570 MeV/c ). -

22. Relative den31ty of points on the n Dalitz plot vs 3T0/'Q -1.
The straight line ha.s slope -1.

23. n productlon cosine distributions for six 100 MeV -wide c.m.
energy intervals centered at the values indicated. The shaded

events are added to a.ccount for the effect of the Pauli exclusion

E pr1nc1ple The curves are the predlctlons of the Reggelzed Az- :

Fig.

exchange rnodel w1th bo/a. = 2.4; they are normallzed to have the

same area as the hlstograms

24 Cross section for 1r+n -~ np or ™ p > nm vs c.m. energy.

‘ Three predlctlons of the Reggeized A -exchange model are plotted;

Fig.

all curves are normalized to pass through the data point at
E = 3.46 GeV.
c.m

25, 'Differential cross sections for 'n-_p - m from Guisan et il_' ,

Phys. Letters 18, 200 (1965). The curves are the Reggeized

v Azreex’change model predictions with bo/a0 = 2.4, and are normal-

Fig.

Fig.

ized to have the same area as the histograms.

26. Differential cross section for (a) Tl'-i_-fl —.np from Benson,

Ph. D. thesis, Uhiversity of Michigan, 1966, and (b) m p— nn from
Wahlig and Mannelli, Phys. Rev. 168, 1515 (1968). The curves
are the predictions of the Reggeized A, -exchange model with
bO/aO = 2.4 and are normalized to have the same area as the

histograms.

28. w production cosine distributions for six 100-MeV -wide c. m.

' ehergy intervals. The shaded events are added to account for the

Fig.

Fig.

effect of the Pauli’ exclusion principle.

2;'9. Po. 0 for w decay in the Jackson frame; the curves are the
s :

predictions of the p-exchange model with absorption for GT = GV.

30. p,; _4 for w decay in the Jackson frame; the curves are the

predictions of the p-exchange model with absorption for GT = GV.
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Fig. 31 Re(p1 o for‘w'décay in the Jackson frame; the curves are
the predictions of the p-e_xcha.nge model with absorption for G’T"—'GV.

Fig. 32, p6 o'foi' w decay in the helicity frame.

'Fig. 33. p, _, for wdecay in the helicity frame.

Fig. 34. Re'(p'1 : 0) for w decay in the helicity frame.

Fig. 35, w production cosine distributions for six 100-MeV -wide c. m.
en‘evrgy intervals. The forward two bins of _e’acﬁ_h distribution have
been corrected upward to _account.foi' the e‘ffe'ct of the Pauli ex-
clusion principle. The curves are the pred'i_ctions of the p-exchange
_mdd_el with absorption; they are normalizé_d to have tﬁe' same area

"as the histograms.
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, rior any person acting on
behalf of the Commission: _ A

A. Makes any warranty or representation, expressed or implied, with

respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages

resulting from the use of any information, 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 Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor. '
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