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A “TUPY OF THE REACT Tom'u' q —> (p) p n 7 7°

AT INCIDEN PION MOMENTA BETWEEN 1.1 AND oL BEV/C
JEROME SAMUET, DANBURG :

Tawrence Radiation Laboratory
' University ef California

Berkeley;.California'

. ABSTRACT

"The reaction ﬂ+'d e—4> (p) p n+ a O"m.s been studied in a

26h OOO plcturo bubblc chamber experlment with plon beam momentum

" between 1. 1 and 2. h BeV/c.

?The mOSt‘significant features of the final stete are produc;'

: tlon of 1 and W - mesons 1n the reactlons N -;5~{5ww-”

nv+. n ""> 1 P,

+ .
n.n ;—-> w p.

. The q product1on characterlstlcs are well descrlbed by a Reggelzed -

A'—exchanée model us1ng Veneziano- type re51due functlons. The*w

we

productlon and decay characterlstlcs are presented and it is found:3

Z’that a o-exchange model w1th absorptlve correctlons is 1nadequate

v‘to descrlbevthe data,
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I. INTRODUCTION

The experlment analyzed in tnls report was performed u31ng a beam
of v+ mesons from the Bevatron incident on the deuterlum-fllled Te-inch
Alvarez bubble chamber of the Uhlvers1ty of Callfornla Lawrence Radla—

tion'Laboratory; This exposure was made betﬁeen'August 23, 1966_and

'September 26, 1966.  The ineident pion momentum covered the range from

1.1 to 2. L BeV/c in eight settlngs. The beam used for‘this experiment
has been descrlbed elsewhere.l - The range—momentum scale factor for '
charged tracks in the deuterium-filled chamber and the llquld deuterlum
1ndex of refractlon were determlned bj measurlng the range of u 's

comlng from ‘the decay of stopplng T tracks.2 A total of 264 000

v_pictures were'taken;- the 1n01dent momentum settlngs and the exposure

size at each setting'are given in Table.l. The method for obtaining

the path lengths 1s set forth in Appendlx A.-

- In addltlon to the film Just mentloned another exposure of W

"1nc1dent on deuterium at 1n01dent momenta around 3 BeV/c and L BeV/c

was made in the sprlng.and summer of 1966 in. congunctlon w1th tne 1ower
energy exposure whlch 1s the subJect of thls report.v In what follows

we shall refer to the data taken between 1.1 and 2.k BeV/c as the low-—
energy. data,_and that taken at 3 and L BeV/c as the hlgh energy data. |

The main purpose of thls experlment was to analyze reactlons of

tbe type

" - P MO,

o+ -
M7 e, neutrals

o 4+ - - :
cor. Moo T T, neutrals .-
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Table 1. . Momentum settings and exposure size. -

Number of Pictures _Exposufe Size

- (BeV/e) (approximately) ~ (events/up) e

L0 130

.30 13000 o

L soeo s

w8 1300 s |
‘Lo " 50 000 ,‘:>,‘ _  .’3.00. - ,iff,i_E,.'_'~ S
':1;86 | B éo ooby e o '7‘2.9é1u'“ SR
 ,2;15 o o 50 boo:_;  o ‘ ',i'é-97_

'_rég37 : ':._;;-26'600 : - o .8k _ 




v—5;
Here M° is a neutral mesdn} and_neutrais meaﬂs any ngmber of T™'s or
y 's.'. The -target heutron.is one.df £he constitueats_of deuterium.
‘Note that charge symmetry‘requires:that:processes such.as these be
.identical in their deScriptiOh to |

T p-n Mo?

| Mo - va;),neutrais'
or M° +‘vfﬁ+v-wr, neutrals;
AT beaﬁ incidentAeﬁ a hydrogen target is easlly obtalnable in prac-
tice, - but in thls case the simultaneous: presence of a neutron and the
other neutrals in the flnal state does not allow the momentum of the
eneutron and that.of the other neutrals to be determlned separately,
"hénce an analys1s of the productlon and decay characterlstlcs of the-
meson M° is not pos51ble. For thls reason.the experlment was.done as .
fa mta eXsture._ V | R -
| This report_deais primarily with the reacinn

Td - _pp_r+1r'1zr°‘,'
and in particular,wifh the prbductibp and decay of ‘n. and ‘w:;mesons
- “via__‘t"he -reacvtions' , | | | |

m'a - ppn,
n - 7r+1r"7r°:
' Tr+d = ppw, " H
e ;rr+7f;1rd

Other dSpebta“Of this exﬁerlment.whlch are belng 1nvest1gated are

(a) thJnWe.pdlflLle productlon in this exposure3 and in the’ ‘higher- .



W
‘energy exposure,  (b) the reactions
“7'd - pp 7T+7Tf"f >
" and wja.‘éfgpp, neutrals,sl"
“and (c¢) five-iand\éix-pronged events.  Some preliminary reports on
this experiment have appeared earlier.?f_’9’.
" In the high;ehergy exposure we have collaborated with workers et :
Purdue Uhiversity, who have reported‘on the reaction
= - o
.md - pp, neutrals-
' | 12
'and on four-pronged events.

' References 13 25 are a llsf -of paéers on thlrteen other m --ﬁ :
.:deuterlum experlments done in bubble chambers, eneompa351ng the range
- of 1nc1dent plon momentum f10m 65 BeV/c to 8 BeV/c, this’ llst 1s
Zhopefully both exhaustlve and current._r:“'- ) TR

| we note at thls.p01nt thet.lnformatlon on rhe scannlng, measﬁrlng;
"7and flttlng of the events on the flbn is contalned in Appendlx B, and

o Appendlx E contalns a list of the notatlons used in thls report to

":descrlbe the partlcle 1nteract10ns.‘.
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II. FINAL STATES AND SEPARATION OF HYPOTHESES

A. The Final Siate Hypotheses

.The”three— aﬁd four-pronged events were fit to the‘following.

reaction hypotheses:

o Ta _ppbﬁfﬁi :<II;l)f
Cpp T . 1:;(11.2)_
:bp'vti'(mm)" :(II-3)

“ pp:..7T+7T- 7 : _(.II.MF)’ '
j.p@3K+K‘ (il.é)v.
vnp-w+v+v' (ii;6)
o (m) a7y

”niﬁﬁﬁﬁhf'(mﬁ)7
'ed.ﬁ*hfﬁ’ . | (II 9)
d _v+fr+ﬁ'w9 .'

(11.8) e*'

'jf(II 10)

ﬂThe_defails of the fitting procedure heve,been'relegated tdvAppendix B.'

Thereiweré 103 000 four-brohged events With fits out'of tﬁe:i28.000f
‘_evenﬁe found en the fiim' “of +he 93 OOO three-pronged events found
54000 were measured ‘and fits Were obtalned for hh 000 of these. u'.

;Ihbles 2 and 3 glve the number of events ass1gned to each reactlon.as:‘

. a functlon of momentﬁm settlng, f¢£ three- end four—pronged eveﬁts

erespectlvelv. | | | | |

At this pOint;welrestrict:oureinterestvto those~exemples of - -

fcdctions (II.Q)-andf(II,h)fwhieh appear_es'feuffprongedeevenf‘toPolo-' _‘

- gies,.d.e., those ror which botli of the final state protons had'
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Table 2. Number of events assigned to final states vs. beam.momentum,

for»3—pronged.event topology. :

‘Beam Momentum

Final State . 1.10-

-1.30

1.53

1.58 - 1.70 1.86

2.37

PP T 1.8

..pp_wﬁﬁ-vo“1 1355

. pp.w+#f(mm) B 17

._ppK+K-.- o -0

: o+ + - .
~npmww .. 8k

p T (m) s

*

A -,
mor o (mn)
carnTT %

+ + -0
darrmrmw - - ¥

o |
ppTTYy 1

1362
~671'
L
 10, '
ilVOV1.

© 107

6 755
4 080

~hov |

T3

822

103

1'287-1.' :
816
| .
.

o

16

Rr-7- 3

T 4o1

6 824

"1»855

%
182

.2 2k6

976

1 917

2095

7-789-'
28
o

éog

bh3

* .Ehese'final'étates normally do not_appeaf asva.3fpronged5top610gy.'
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Téble 3.- Number of events a351gned to f1nal ot 5 Vvs. beam moméntum,_

for four-pronged event topology

. ‘ , . Beam Momentum
Final State ©  1.10 1.30 1.53 1.58 1.70  1.86 2.15 2.3

o -  . i*;i{§59‘.l‘0hi }4:596 T;72o. 5'229>vu 95 & 517 ;1 wo
va“‘,}f;,‘}rO. ; 279 -_"535 3211 559 b 322 1 865 -51_ 55“3‘»1 600
ppf%f#;(mm)A - .“E 21  £0 468 i_ 99' ‘ 939, 1.311 _2Aé?3 B 858 :
wry 57 _"'71' 319 56 376 36 bos 90
w e o m hw e S

,Pn%_ﬁrf'v‘r'_ ) o  29'9.   598 ,5' ogj 8956 606 7 5hl 8 9212 806

P P ) _13  60 ' _8£9- o228 379 6065 2172
_.;~Wfﬁf}fﬁf(mg)if; :?: ¢}‘   -2f”:y462_ 2:19 Q  154-~~é36 ;  #ﬁuf.; 182  _ .

.V,-dfﬁ*n+ﬁfv 1 fil_ 15213 115 129 BT SRR O
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sufficieht‘laboratory.momentom.to he:vlSihle in:the.bubble chamber.
' (The.lower outoff on proton laboratory moﬁentom:was'found t0'berapproxi
mately 85 MeV/c; this momentum ylelds a track l5 em long, which 1s‘
the practlcal llmlt of v131b111ty on the film. )

In the mlss1ng mass plots in thls sectlon, and in the physics
data that follow in-this report, the eyents shown have-fulfilled the
:ifollowing,eriteria: | |

(a) The kinematic oonfidehoe'level for the fit is greater
than'l per.cent,' | | |
(h).‘The eonfidence lerel for'the‘iohizatioh fit_is greater
: than l'per‘oent'
o (c) All track measurements were avallable for the k1nemat1c
fit (1 €ey. constralnt reduced events were not used).
| (d) The event occurred’ w1th1n a preselected fiducial volume
»of the bubble chamber, and the dlp and a21muth of the beam track for.'

s.the’ eyent lay within preselected llmlts for each momentum setting.
lvaents fulfillihg these criteria will be referred to as ﬁgoodﬁ events;:

- B. Sepagatlon of th Flnal States+'
" ppmET T, pp T y, and pp T T (mm)

Because it is difficult for a final state like pp‘vf#’wp'or

PP Wﬁhf”<mm) to fake a four-constraint fit like‘pp v+v—,.and.hecause
-iour selectlon procedure favors four-constralnt flts over lower con- -
h,stralvt class fits (see Appendlx B), the final state pp W T is llkely
to be free of other flual states, and complete._ Thls was corroboratedi

‘hy_genelatlug Moute Carlo events (see Appendlx B) for reactlors (11, l)
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through (II 7) which were . fitted and sepa.rated like the rea.l events. »: c

. The. final state PP LK L ‘)' arises only via. the reactions ’

Wd -', 22 (orn ),

n(or'q) - 1r‘rr7._”

:From the known branching ratio | 5 o o

| " (n* 1r1r7)/(n-> 1r+1r1r)7_.23 6
o A'a.nd from the l&OO M- events in the final state pp 1r T 1r ’ at most |
| - 150 events should be found in the channel pp Tr ‘n‘ 7 (the 'q production -
.-.ncross section is much sma.ller than the 'q production cross section)
Although the separation procedure of Appendix ‘B fa.vors assigning
- pp 7r+'rr y events to the P i final sta.te 5. there are still s.bout :
800 "good" PP r+ 11' y events > most of which seem. to belong to the final.
- state o] 'n Tr s &8s evidenced by an apparent p pea.k in the 1r T 7 mass :
' spectrum for these events, they a.lso seem to contain about 30 n events.
eCompensa.tion for the estimated number of pp 7r+1r 7 events in the .
'.p P 7 'n' 11' sample has been made 1n calculs.ting the cross section for
T d - ppn. _ _ _ . ] L , |

'.Ele separation of o T T from pp h T (mm) can be estimated
from Figure 1, which shows the mm2 distribution for a.J.l "good" events'
calledpp‘n"!r'n', pp'n“rry, or pp‘rr‘rr (mm) '.mepp1r'rr7and
P ‘n‘ T . (mm) events are also shown separately on the lower histogram._ >
" The sharp cutoff in: the missing mass spectrum for PP ‘n' 1r (xmn) events
at mm : (2mn_o = .072 BeV2 indics.tes that some of the missing-ma.ss .
| events are being ca.lled PP 7r T events H from the figure » &n esti-

mate of 4 per cent contamination in the -pp 'n'_‘rr ° sample from
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2

N
o
c:) -

-

=
Jma
O

EVENTS/.005 (BeV/c2)
- FA . . oL .
O )
o .
O

o-eto .08 200 35 -.so;

(MIS SING MASS)2 (BeV/cz)

XBL 695- 585

R gg e 1, MlSSlng-mass sauared dlstrlbutlon for 19 553 "good”'evénts B

"_trom thz tlnal btateg P p n+-ﬁ7vn°, PP n* n 7, and b p n,; Omn)

: ﬂhe lower hlbLO"lam ls the distrlbutlon 101 the latter two react:ons |

‘-_'onlyg
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.miSSingfmass events éah be mede'br drawing a sﬁuother falloff of the
mm2 histOgramlfcr the missihgeﬁass events. However, an admixtureeof.-
missing—mass eveﬁts in-the.pp #+#fwo sample will not affect the‘n and
Ll Cross sectlon determlnation, as long as the admlxture is dlstrlbuted

‘ ' + - 0
more or less unlformly over Uhe T T mass spectrum (see Section IV)

o

S : x - -
. - Separation of the Final States PP nfn ﬁo and npw W X

Ihese two flnal states are cften amblguous w1th each other
because_they,are both one-constralnt flts. The problem is to 1dent1fy
- one charged track and the missing'neutral partlcle as a .pﬂ‘ comblna-“
tioc:or wn+;vall other tracks in the tﬁc fits Being the.same. The ”

' Jdentlflcatlon of e track as a proton vs. a W 1n thls ererlment is

1_greatly aided by the use of pulse helght 1nformatlon from the Spiral

' Reader to make a flt to the expected bubble de;slty for each track-
massvlnterpretatlon (see Appendix B) Th;s is partlcularlyehelpful
fcr the four;pronged events at our beam.momentﬁm, where a typicel"oct_
going track has e iaboratory momentum cf SOC MeV/c, at which momentum
a v is eas1ly dlstlngulshed from a proton by bubble densmtv. |

However, for hlgh-momentum tracks > 1200 MeV/c) a proton

(plab

' +
-and a T are hard to dlstlngulsh by 1onlzatlon.. If, in additicn, the_
momentau of'the neutral and the charged track have about the same
value, p, then the only constraint in the fit, that of energy conser-

vation, determines the value of

- wheve niy -is the hypothesized mass of the charged track, and mg, “is
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that of the neutral track. Ihis'expreSSion has the_same'value for
my =Wy, Mg = nnhas for my %tmp s Mg e»mﬁ.» In’this‘case, there is
no distinction in the kinematical fit"between np it and
: PP 7r+71'7r . o
A sensitive test of thehsetaration of these two final states is

made p0551b1e by the presence of strong n and w signals in the
T 7° spectrum from the reactlon pp.ﬂ'W'v - There are 15 h03 "good"
. pp r° four-pronged events, of whlch 3 079 also fit the nypothes1s
np T v T . Figure 2a shows the T 1m0 mass spectrum for good"
P v+v F events w1th no flt to the np W+W+W hypothe31s, 'Figure 2b
shOWS'theJS-pion mass spectrum for the pp ﬂ'W’W‘ events which also fit
np W+F+W?;. From the reduced s1gnal—to-background ratlo 1n Flgure 2b
with respect to 2a, it is estimated that 20 per cent of the events in.
Flgure 2b are actually np W+vfw events, so that about :20 * 3000
'600 events of the ~ 15 000 pp‘v'v>w \events, or approx1matelyfh per :
vcentvare actually np.ﬂﬁﬁﬁhrrevents. ThisiestimateFWill'be used‘in the
ﬁ and: @ cross section‘deterninations.h‘"; ) 3

" An estimate can also betmaae ofithehlcss ofkppfrfﬁ'vo events:
.that are‘called'np‘wﬁv*v-,events. 6f'the 22 686 "good" np v*nfvf 
events,:2:602 have.a second-best fit tobpp'v+#rwp : Flgure 3 shows }
‘ the ™ o © ‘mass spectrum for these events. when' 1nterpreted as the

Pp T v 7° flnal state. The total absence of an n or W 51gnal in

these events allows the conclus1on that there is effectlvely no cou-

tnminntiou»oj the up W‘W T flual state by pp T Wp events, that 15,.;

+ + + o
ne Loss 01 P W ™ evtnts 1uto the np v T ChanUtl..
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‘D. ‘MiseingeMaSS'and Confidence ILevel
Distributions,for pp T T° Events

' Flgure h shows the mm dlstrlbution for good" PP 7 T W‘
four-pronged events._ In Flgure 5 are shown the confldence level dls—

: trlbutlons for the klnematlc anhd ionlzatlon flts separately At thls

.v'p01nt we remark agaln that events for whlch elther ‘the klnematlc or

1onlzat10n confldence level 1s less than .Ol (the leftmost bin of

: Flgure Sa and b) are not 1ncluded in the sample of "good" events.
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TII.. THE DEUTERON TARGET

The use of deuterium in the bubble chamber in this experiment is,
‘of course, neéessitated by the need for a reutron térget."The deuteron .
is a 1ightly bound_éomposite'of‘a proton and. a neutrén, mostly-ih'an .

2"jspin 1 configuration. Although the binding energy of the

S-wave,
- deuteron is only 2.2 MeV, a number of important effects must be taken
into account when using the neutron in the deuteron as the target_

particle.

A. The Fulthén Wave Function and'Spectator Momentum Distributions 3

A wave function cdmmonly_used'ﬁo describe thé'separation T of i"

the nucleens in the deuteronvis that'proposed by Hulthén.28 ' It'ié-

oy (r) = VC(e-_ar - é_;ar)/r Ly ‘.(IiI_‘i)f
Wherev’ . o : o ’ ' : o

R ’_fﬁz(r)radr:= 1 . 1 |  ;v-_v:(IiI.é)-

’ Here:Ciis the normalization constant fixed to satisfy equation (III.2);"

it has the value

€= = 20p(a +B)/(x-8)" - (I11.3)
Q= 45,5 MeV = I(lé.33-fermi)'-l_ = J2uB ,  (ITL.4)
b= deuteron reduced mass = Mnudieoﬁ/e

B = déuterdn binding energy = 2.2 MéV .

e ’ S o2a T
T e cotten, taken to be Bv=-‘a_2'or B = ﬁ.lba-Bo,,In;all applications
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| of the Hulthen wave functlon 1n this report, the average value

B = 6. 09 ¢ will be used.

The Fourier~transform of  P(r) gives the;distfibution',@(p) of

'the'momentum of the two‘nucleons in the deuteion;. it is

p%0%(p) = C'p [ 1/ (5% . o) - l/(p'2"+7f‘2v) ]2.’ \(IVII'S)‘
wheref B | 4 |

J'@e(p)p?dp =1 .

Figure 6 shows &2(r)r and ®2(p)p 5 . the curves ‘show how much of

the wave functlon is concentrated at each value of nucleon separatlon :

iy and momentum -p.

' Experimentally p2®2(p) can be measured when the impulSe approxi-

mation for the Wﬁd ,collisions‘is assumed. This means that the wf_‘is.f

-assumed to interact with only-one of_themnucleons'in the deuteron,'the

' other nucleon going off after the collision with the same momentum it =

had'before7the collision.

For the reactlon T n(p) - (p)p P W‘W the notatlon (p) means

: that one flnalnstate proton is assumed to e a spectator" to the
,colllslon between the w and the neutron. The flnal-state proton

'f_with the lower laboratory momentum is taken to be the spectator.

Flgure T shows the exper mental dlstrlbutlon of spectator momentum, A

the steep cutoff in the dlstrlbutlon around 85 NeV/c is due to the
.'fact ‘that only events w1th two visible protons (four—pronged events)
: are used. The curve is the Hulthen dlstributlon D 2o (p) normallzed to

have the same area as the histogram between p 110 MeV/c and 160 MEV/c.
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A dev1atlon from the Hulthen wave functlon is exhlblted as an excess of

events w1th high momentum, that is with momentum greater than 300 MeV/c,

»,'whlch is the practlcal upper cutoff of the Hulthen dlstrlbutlon.

',Forty-four per cent of the four-pronged events 1n Flgure T -have momen-
tum greater than 300 MeV/c. |

The excess of hlgh-momentum spectators ‘could be explalned by one -
or more of the follow1ng congectures . ‘

(a) ‘a breakdown of the 1mpulse approx1mat10n, that 1s, hlgh-
momentum spectators (p greater than 300 MeV/c arise from colllslons
on the entlre deuteron, | |

\_(b). rescattering_ofdone'or mdre'of_the final—state particleS'
on'the”spectator nucieon,' |

(c) contamlnatlon of the (p)p 7 r° final state by
tmlsidentlfled events belonglng to another flnal state, in whlch case

V~some of the spectator protons need not even be protons,'

(d) inadequacy of the Hulthen vave functlon.

P01nts (v) and (c) can be checked by studylng the spectator -
momentum distribution as a. function of the W T v mass.: If the excess
'.of hlgh-momentum spectators is due to scatterlng of the flnal-state
.-plons on - the spectator, then concelvably the scatterlng might be -
different when the three plons form a resonance (q or w), assumlng
that the resonance decays after it has traveled far enough to get

outs1de the deuteron volume, whlch is a sphere a feW'fermls in radius
- (see Figure 6) For an 1 (or w) of w1dth 2. 6 keV (12.6 MeV) 6: pro-‘

duced w1th a typical laboratory momentum of 800 MeV/c, the mean decay

v length is llO OOO fermls (16 fermls), so that these resonances decay
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after léaQing the_deﬁtéron volume. iFigﬁre_8é shows the W*ﬂrnp mass
vs. spectator momentum.. n and productiéniis seen to.persiét even
at high spectator momentum; since tﬁese resonancé signéls are'unique
signatures for the pp I %inal étaté; it_ié clear that COﬁtamina-
~tion is not the only éourée ofvhigh-momentum sﬁeétators, Figure_8b
”Shows.the specﬁator moﬁentum diStribution for‘évents in the w band
(760 < m(3v) < 810 MeV/cg)fb_If is seen thét this spectator distribu-
tion-confofms somewhat better to the‘Hulthén'éurve thén that for all
 of tﬁe PP T events; in fact only 3# per cent of the events in the
W band havé.momentum greater than.BOO MeV/c; whefeas‘this fraction is
Ly pervcent for the.entire‘sampié of "g00d" pp Wﬁﬁ-ﬁé.events. This
may iﬂdicate that a_fiﬁaifstate w is less likelyvio_rescatter on the
'ASpectator»pfotou than three unassociated piohs; or it may simply indi-
_éate that‘sbme Of,the.higﬁ-moméhtumrspectatofs_aregcaused by qontamina;
"‘tioﬁ frém other final states, since any contaminaﬁion would form.a
E vsmallef f;action'of the'evénts_in_theﬂreéon&née»baﬁd,than'of,tﬁe::
\eﬁtire sampleugf.efents.i ’ |
VThe.spectéfor momentﬁm distribuﬁionsrfof 6£hér final sfates cén
alsé beﬁexamined'aﬁd.compared With'the Hulthéh distfibﬁﬁion;'iffother
fiﬁal stateé héve’differenfbspecﬁator momentum distributions, this .
might shéd-somé lighf on the prdbleh Qf reséattefihg.  Figure 9a shows
“the ;pectatqr momentum for "good" fdur-érohged e&eﬁts.of the fiﬁél
: s-tnu .isp‘ ’r+7r-._:v the curve is the"-ﬂuithéﬁ distribﬁtio-n. normalized -r.o-.' |
: _have‘the séﬁc area as the higtogram:betﬁeen 110 MEV/C and 160 MeV/é.
>The’frdcﬁioh of thesé four;pfonged eveﬁﬁs wiﬁﬁ Speciator moﬁentuﬁ i

greater than 300 MeV/e is 36 per cent, compared to Uk per cent for the.
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' ’four-pronged PP W+F-Wg events.,. Figufec9b is»the seutren spectator
'momenttm distribution‘for ﬁgoed' events in the chanpel (n)p T Wfo; o i
'tThesebevents_are'separated from the (p)n W+W T final state by taklng
the lower-momentum nucieon to be the spectatof.._The (n)p-w+v+v- final.,‘
>state appears almost always ‘as a four- pronged topologj, since the
charged tracks are almost 1nvar1ably v131ble (no examples of thls final -
_state were-found in the three-pronged events)._ Slnce this sample of
speetatbrs is complete, the Hultheén curve is normalized to have the
area of'the‘histogram between O and 160 MeV/ec. In order to coﬁpere.
-the'frection'gf events with'fest spectetors to the_ffactiensvobtained
for the above—mentiened fourfpronged events'with,yisiblerpreten spec-
taters, we take thevratio of»theeevents-ﬁith sPectater mementumb.
._greater than 300 MeV/c to the ﬁumber efveventsvwith'speetatorskof
mementum greater than 85 MeV/c. ‘The fraction of, "fast“:spectatofs.is_"
herevoﬁly 3l'per'ceﬁt. The fact that final states with neutron spec-
tators have fewer hlgh-momentum spectators ‘has also been noted 1n'
vstrange-perticle.production in this.experiment.3e ‘Benson2ld’has’con—
- jectured on’the.possisle reasons foi different final states having

different spectator momentum distributions._

B. .The Flux Factor,'Speetator-Beam‘Angle; and c.m.vEnergy;Smearing _ L ;';

' The internal motion of the two nucleens bound in the,deuteron
Sgives fise:tb two»interevtinﬂ effects. We first dlseuss the effect of
N muijon o (hc expcrlnmntallv measuxed angle Deiween the spectator

nnclnon und the incoming pion beam.:-'f
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- The proton and neutron bound in: the deuteron move at random in

opposite directions w1th momentum glven by a functlon llke the Hulthen

distribution.‘ Because of the‘randomhnaturebof the motion, some

authorsle’ eld

have stated incorrectlylthat the experimentally measured
angle between the beam and the'speotator nucleon should have an isotro-
pic distribution. This statement howeter; fails to take into account

the fact that when the target partlcle is moving toward the beam, there

is a greater partlcle flux and hence a hlgher reaction rate than when

_tre target. partlcle is recedlng from the beam. Iet G'be the angle
- between the spectator ‘and the beam, Since the target nucleon and th

- spectator nucleon in the deuteron move in opposite dlrectlons in, order .

tovconeerve momentum, this means that there will be more events for
which cos 6 1is greaterAthan'O than for cos 6 less than 0.
The experlmental dlstrlbutlon can be predlcted u51ng the 1nvar1antv

1.
fluX'factor of Myﬂller3 to ‘account for the varlatlon of partlcle flux

with the relatlve motion of the beam and the target partlcle, 1t is

'\f(Pb ',Pt)2 - mimi //(Iﬁbmt) R ‘.(I.H"é) "

: Here the momenta pb and P, are h-vectors, and the subscripts b and: t

,refer to the beam and the target partlcle, respectlvely. The hfvector . -

of the target particle is taken'to be that of the deuteron minus that :
of the spectator nucleon.‘ o | |

Iv order to see what sort of dJstrlbutlon as predlctedbfor the.
cosine Qf the ungle oetween the pettator and the beam, Monte Carlo
calenlations were performed'and cos,6 ‘hlstogrammed'forvlncom;ngutlon

momentum'of 1.0, 1.5, and 2.0 BeV/cvseparately, asSuming-the»nnoleons
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in the deuteron are.moving in a random’direction with eQual and opposite
momenta described by.the Hulthén distribution. Figure 10 shows the -
resuits of.the Monte Carlo experiment perforned for a bean momentum of
2.0 BeV/c.. Figure 10a is the histogram of cos 8 for all events, and
Figure 10b is that for proton spectator laboratory momentum greater

than 85-MeV/c, corresponding to the four—pronged events of'this report.
The nonisotropy of the distributions is evident. In fact; very'sinilar
histograms are obtained for all three Monte:Cario experiments- |
.:‘(Pbeam =‘l~0i 1.5, and 2.0 BeV/C)-ItThe‘histograms for incident momen-
tum between:l.o and 2;0 BeV/e are'well approximated by a ‘linear

dependence on cos 8; it is

f(cos 6) = 1 + .10 cos 6 , . (111.7)
for all events, and = . o e e
f(cos 6) =.1 +.16cos 6 . T (II1.8)

for-events.with.spectatorﬂmomentnm greater»than 85 MeV/c.

Figurevll displavs the comparison between‘the experimental dis-.v
. tributlon in cos 6 (the angle between the spectator and the beam)
" the distrlbution given by the flux factor. Figure'lla shows'the dis-_
- tribution in cos 6 for all good events of the final state
D T v_; the straight line is eqpation (11T, 8) normalized to have
the: same area as he histogram. In‘Figure llb-only.the events with
spectator momentnm less than 300.MeV/c are inelnded and here~it‘is :

el that the agreement between the data and the flux factor prediction‘

i k_,ood The spegidior disiributlon of Figure  and the cos e
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distribution_of Figufe 11b indicate-that events with.spectator.momenthm‘
less'then 300 MeV/c conform weil to»the expectations of the.impolse
'model. .. | | |

Tt should be emphasized that the above predictioh for the distri-
bptioh_of'cos.ev hoids only:if'the cross section is assomed to be
'cohstaht o&er:the.range of.c.m.venergies produced'in the collisiohs.
This_is because the'numbet of events isiproportiohal to thebparticie
» fluxitimes the ctoss section;vaowever, the essumption of roughly
cohstant cross sectionbis valid for the pp wj#fﬁoichennel, as can be
inferred.from Ieble 3Iand the.fact‘that the sum of“the cfoss.sections
fof theechannels pp v+w-, pp'v+veﬁp, pp v+#f7, and jols) W+v_'(mm) is
-rOUéhly constant over the energy'range of this experiment (see
Section IV) |

Another 1mportant effect arising from the_?otion of the nucleonsv
in the deuteron is the smearing ofdthe,center-of—mass energy distritu-
tioﬁ;v In a colliSion of e beam‘with a stationary:target.nucleon,

‘there 1s of course. a unlque c;m. ehergy correspondlng to the beam
.momentum. When one of the nucleons in the deuteron is the target
hoﬁever; there results a broadvspectrum'of c.m.~energies due to the
fact that the target nucleon has a range of momentum and is mov116 in.
a random direction w1th respect to- the beam, '

Figure 12 shows. the dlstribution of c.m. energies obtalhed in the
.Monte Carlo exoellment above for a beam of 2 0] BeV/c pions 1n01dent on
onejofrt;c.nhcleons in the_deutefon;v the Hultheh distribution is used
tor thc moﬁentumvdist:ibutioh of the hucleons, and the Mﬁile?_flui

G tor ia inelodeds - The ¢om. energy for the collision is
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Eeon. =ﬂv‘[;?b.f Py - Ps) - o . (111.9)

The momenta here are L-vectorb; and the subscrlpts b, d, and s refer
to the beam, deuteron and spectator, respectlvely. Flgure 12a is the-
c.m. energy dlstrlbutlonvfor.all events, and‘Flgure iZb is tﬁat for |
-'the events_tith speetetof momentuh greater than 85 MeV/c (eorrespoﬁd—'
iug to the-four-pronged eyente_of_the'reaction nﬁd - pp W+vfwo).‘ Tﬁev;
histograms arevmade assuming e_constant orose section over the_eoergy
. range shown. The motion of the target nucleon.results in a c.m; energy
‘spectrum about 300 MeV wide from a 51ngle 1nc1dent beam momentum.'

| Figure 13 shows the c.m. energy epectrum for all good" four-
bronged‘evente»in the -final state pp #+ﬁrﬁo tith spectator moﬁentum'
less. than 300 MeV/c; - the distfibution is the-produet of the’crOSS
sectlon w1th a'aum of dlstrlbutlons like that of Figure 12b. It'is
 seen. that the elght 1nc1dent momenta between iwi'end 2.4 BeV/c yleld a |
fa;r;y unlform coverage of the c.m. energy range from 1,7 to 2.3 BeV.

€

C. Glauber Screening

In a very intuitive senee-one'ean onderstaﬁd that the orose .
.section‘for a beam coliiding.with_e deoteroﬁ’isvless thao.the'Sum'of'n
the croés sections.for e collision with,eech of the two‘nucleonsiin
the.deﬁteron.separetely.'bIf the tatget deﬁtefOn is imagiﬁed'to be'tﬁol
‘billiard balls:elosevtogether,fthen part ofythe_time‘one'of the |
billie&_a balls w1ll ooclude the-"otller, '_redﬁcing_ theeffective eross .

: - . 32 - - . o :
seciion. Glauber™ Las derived the expression

' .o(ﬂd)i.:._« vo(‘-ml) .+ O'(TTP) - G(Tﬂl)d(ﬂ‘p)/(’{»‘ﬂ'(rg >), (III.IO)
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where < r2 > is the average separation between the two nucleons. More
-recently Wilkin33 has ‘derived a modified formula which exhibits charge

independence; he shows that the correction term should be
[ o(m) o(mp) - (o (m) - o(m) )* | flbw <z~ >) (1I1.11)
for a charged-pion beam.
" Recently accurate cross eections_have been published3h‘for W+
and T incident on protone ahd deutefium over a wide range of energies.

From reference 3& it is seen that over_the'range of incident momenta

of_this'report;vwe have the tetal cross sections

o(m'p) = 30 mb

o(mp) =35 mb = o(m'n), by cherge symmetry

,Sincé- [ G(W+p) ; U(v*n) 1 e = (5 mb)2 is ‘small eompared.toI

o(7p) c(v n), the correctlon factor of Wilkin (equatlon (III 11) )
~is almost the same as the non-charge 1ndependent correction factor of .
equatlon (III lO) From reference 3k it is also seen that”oeer our

range of incident momentum,

<L r-z >‘ = ;02 mb_l ';

The typlcal-value of the cross section aefect in fhls experlment due to
Glauber screening 1s, from equatlon (III. lO), approx1mately 1.7 mb
ithet.ls, the sum of_the_v n end V‘p cros3zsections is more_than the
- ﬁ*ﬁ eross seeﬁioniby;abeut 1.7 mb, or 2.h.per eeht‘of the'totalfvfd o

eross. . section.
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How this cross section defect is to be applied to the various

final state channels is unknown. The method of Section IV for obtain-‘;

1ng Cross sections for n and w productionvin the final state
D i T is valid if the final states (II l) through (II h) are each
’tdepleted by the same fraction, the 51m11ar1ty of these final states .h

may Jjustify this assumption. At any rate, even if these channels are

inot all depleted in the same proportion due to Glauber screening, the

difference in fractional depletion should not be more than the total,4
' depletion‘itself. Slnce a difference in depletion among, channels
.(II 1) through (II L) of ~ 2 4 per cent is much smaller than the sta-
 tistical cross section errors obtained the Glauber screening correc-

tion w1ll have no effect on the n and w eross section determination.

D}‘ The- Pauli Exc1u31on Principle and Final States with Two Protons

One can eas1ly see that the Pauli exclu51on princ1ple w1ll have
an effect on final states containing two protons. In particular,

- imagine a very glac1ng (t O) charge -exchange. collis1on of the W

'beam with the . neutron in' the deuteron in which ‘the neutron spin is not_

: flipped. After thls hypothetical charge-exchange collis1on there are

'two protons’ close together in. an S-wave (1gnor1ng the small D-wave'

component of the deuteron) spin-1 configuration. Since this configura-.' v

tion.of two.identical fermions is symmetric,<however,,it is forbidden B
»bv the - Pauli exclu51on pr1nc1ple. Thus 1t is seen that in the llmit
of o momentum transier, such a chaxwe exchange collis1on cannot.

UULH[ In the ahsence oi nucleon spin. 1lip.A

Ehe-eitect of the‘Pauli exclusion'priwciple'onﬂchargeQexchange
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scattering on the neutron in the deuteron has been calculated for K 4

35 36

' scatterlng The expression for the measured cross section when

36

.theré are  two final—stéte'protons is
‘do/an = (1 - H(a) Nao/ae) , + (1 - #(a)/3 Nao/da)  ~ (III.12)

Here the subscripté nf - and ' sf denote‘thé spin-noh-flip:and’spinf
flip cross sections respecfively. -q =.,/-t is the momentum transfer

in the collision, and H(q) is the deuteron form factor, defined as

_H(q) fl?!f(r)l2 1qrd; o _.(I'II.13)"

.Clearly,-H(q) 1 for q = O, whlch is the 11m1t1ng case con51dered
above. From the first term of equatlon (III 12) it is clear that there
is,no.non—spln-fllp contrlbutlon if q = O,Vas wa54conc1uded above. |

Equation (III.12)Aapplies'to_£he final stﬁ@éﬂpp_ﬂﬁ%pr diséussed
ﬁeré;.it tells us how to-corfegt_the produétioﬁ ahgﬁiéf'distribufibn :
of fhe three pions for the Suppfession due to fheIPauli principle.

let us restrict our attention_to»the”épecific reactions

T d - ppn (or w), "

+ A
1 (or w) - T ,

since it is.only the pfoduction angular distributions for the resonance -
events whose exact form we are 1nterested in.- .
Flgure lh bhOWS the deuteron form factor H(q), calculated using

35

'3the Hulthen wave functlon; it has the ?unqtlonal form™
H(a) - eaa<a+a)/(s-a>q_- | o
". [ tan” q/aa + tan q/2B-”tanvlq/(a + B) ] (III;lu):"
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From the figure 1t is seen that d(q) is apprecnxbly dlfferent from
zero only. for —t < .1l BeV2, and it is only for thls range of homentum-
transfer-squared that the effects. of the Paull exclu51on pr1nc1ple are
important. In Sections:V ahd VI of thispreport, where 7 énd w produc- -
ticn,are'discussed, the productioh anguiar distrihutions are‘presented
-ashdistributions.cf 20 bins in production ccsine; in all of the produc-
tion ahgtllar distribution histograms, the two forwardmost,»'of the -
20Abins, (0.8 < cos 6 < 0.9)'ahd (O.é < cos 6 < 1.0), cover'the
' momentum-transfer squared range out to at least .1 BeV . Thus itvise
only the forwardmost two blns that are affected notlceably by the Paull
pr1nc1ple, and the calculatlon of the effect will, for s1mpllc1ty, be
reetrlctedpto thls angular reglon. We:deflne the suppre551on factors‘
fp=l-Ha),  fe-l-ma)/3  (ILL)
vtakenﬂfrom_equationh(IiI;lE). 'ﬁablé A gives the value of these
‘ factors-averaged overbthe-prcdﬁction cosines cf-therforwardﬁdst'two
bins (each bin is .l w1de in productlon cos1ne) separately for the
reactlons W d -~ pp1 and T d s PpW. ‘It»ls seen that bl f 1s 51gni~7h
flcantly less than unlty in the productlon c051ne 1nterval (o. 9, 1. O)
for the energleebehcountered in thls;experlment "and thus 1mp11es a.
tiarge correcticn. The suppre551on factors are to be treated as detec-.
tlon efflClenc1es in the productlon cosine 1nterval 1ndrcated the :
eventsh;n that ;uterval be;ng d;v;ded by the appropriate factor (or
.ifclovmbi_:lation of i‘actors)‘ to sét the number of e{rer;ts' that would bbe. -
prennd:Lr:Hhiimg@yhddvccllided with_a_rree‘nehtron:T:To makeﬁthevcdr-

- receblon, however, one must know the relative sizes of the 'spin-flip
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Thble_hé. Spln-fllp and spln-non-fllp suppres51on factors due to the
' Pauli pr1n01ple for the two forwardmost productlon cosine
bins for T d - ppw.

I

Eeom. (0.8 <cos 8 <0.9) - (0.9<cos 6 < 1.0)
(Bev) fnp for o fap o Ty

- fi.8.' 093 0% oa . 0.97
.9 0,93 . 0.98 | .0.87 0%
2.0 0.93 - 0.8 0.85 0.95
2 0.9k 0.98  0.83 0.95
2.2 5 10;95 _ . 0.98 "'0.83' - 0;94'
23 o ‘0;96_1'k. j'b,997 0.83 0.9k
2k 0.96 0.9 o8k 0.95

- Table Ub. . Spln-fllp and spln-non-fllp suppression factors due to the -
' Pauli pr1nc1ple for the two forwardmost productlon cosine -
blns for m *a - ppn. R ' '

(0.8 <cos 8 <0.9) (0.9 < cos 6 < 1.0)
Eeom. Tht - Ysr Thr fgf

',"1¢#', o o0.87 'f o.96 v } :fb.74 B 0.91
18 ‘: 0.89 o6 0.3 oo
L9 ool o or - o 0.91
2.0 '_ : 0.93 D'Q.98"1'.v: 0.7h °. ':n 091
21 ogk o o o o
2;2_' ' '; 0.95 o "6.98;" -  0,785_ ;.'.Q.93
. 2.3 .:6;96 j_ ' d.9§I'fﬂ_v 0.7  7 ',  '0;93”
"z.h_ , ,':_0.97»,j »»1_0.99_ _ "d.Si_ K 0.9
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and spin-non—flip croSs‘sections. ‘For this reason the appllcatlon of
Table 4 in correctlng the M and w. productlon angular dlstrlbutlons ‘
w1ll be deferred untll Sections V and VI, where the shapes of the produc-
, tion angular dlstrlbutlons indicate the relatlve 1mportance of the
'spln-fllp and spln-nonffllp contrlbutions. | | .

| - The upward corrections obtained aboneiare not expected to increase
the 7 and W cross sections obtained'in Section IV however.: This is'
: because in Sectlon IV these resonance cross sections are obtalned by
normali21ng to the sum of the known cross ‘sections for the charge-
:symmetric-counterparts to_reactions (11.1) through (II.4%). A1l of
'these reactions have two protons in the finai'state, however, and
depending upon the partlcular form of the productlon angular dlstrlbuQ
tion in each final state, all should be corrected .upward to account

for the Pauli pr1n01ple. Ihe forwardmost two productlon blns, whlch

v

' contain not'more than 20 per cent'of the events for- any of reactlons
(II l) through (II h), will be corrected upward typlcally by about,

'15 per cent, s0 that there w111 be in general less than about a3 per
cent correctlon to the total number of events 1n any channel.; This
percentage probably does not vary much for the four flnal states used .
v'for normallzatlon, SO the cross sectlon obtalned for the resonant part
“of reactlon (II 2) w1ll not be 51gn1f1cantly affected by the Paull

N princlplef
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_IV. THE FINAL STATE (p) p x" x~ x°: GENERAL CHARACTERISTICS

In this sectlon attention will be focused on resonance productlon'

in the final state (p) p 7T 2 , in which it is expllcltly assumed

that one of the final-state.protons, de51gnated as (p);,ls a spectator»

to the reaction

nf.n - p w1 x° S ‘ (Iv.1)
In order to help assure that this is the case, only those "good"

t’examplesvof final state (II.2) which have at least one proton with

laboratory momentum less‘than EOO'MeV/c will be used in the discussion

of this sectlon and the two follow1ng sectlons on q and w productlon.
k Spectator protons with momentum less than 300 MeV/c do 1ndeed confo*m
'well to the predictions of the 1mpulse model, as was seen in the
' prev1ous sectlon, partlcularly from Tlgures 7 and llb There'are

8710 events satlsfylng the above crlterla.

A.. Mass Spectra

Flgure 15 shows the most 1mportant features of reactlon (IV.l)

Flgure lba is a scatter plot of Cells energy vs. the- 3 -pion mass; 'a e

prominent " band at mass 549 MeV/c and a very strong w band at about__

785 MeV/c characterlze the data. “The resonant signals- show up as

large peaks’ 1n the 3 ~-pion mass spectrum of Flgure le the lower hlS-

, togram of Whlch shows the spectrum for events in which -t (from the
" beam to the 5 plons) is . less than 0. 6 Bev2

11'ures lb-°h dlsplay other mass spectra 1n the same way as the

'r 3-p10n mass.spcctrum 1s;presented. The a-part of each flgure is a o
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scatter-plot of c.m. energy vs. mass, and the b-part of.the:figure.is
the mass distribution for all Celll. energies (the projection onto the'.
x-axis of the scatter plot) The lower histogram in the b-part of
each figure is the mass’ spectrum for events for Wthh the beam-to-

B " pion(s) momentum—transfer-squared (- t) is less than 0.6 BeV2 : excep-
tions- are the lower hlstograms for the pn PO no, and prt ﬁo mass
spectra, for which the events are restricted to haveuthe neutron-tOA
pion(s) momentum—transfer-squared (u) less than 0.4 BeV2 ‘This is

-,‘done because a t—cut enhances processes whlch proceed by exchange of
a meson,hwhereas any resonance.in the spectra of the pﬁ , T ﬂo, or
pn ﬂ would have to be mediated by the exchange of a doubly-charged
meson, of Whlch there are no known examples. however, baryon exchange
via a s1ngly-charged baryon is a poss1ble mechanlsm for the three
mass spectra mentioned, so a u-cut is appl;edhgormthese spectra. -
Figures 16-24 show the mass spectra.for the mass‘combinations pﬂ+;v

pr , pﬁb,.ﬁ+nf, n+ro,‘n-no, pﬂ+n_,'pn+n°;.and pn-no,?respectively.
These figures show none of the.prominent-structure observed_in the
‘3;pion_spectrum; in fact the oniy structure immediately'visible in

'Velther the uncut or cut hlstograms is a small amount of A (1236) in
the pr - mass spectrum and a suggestlon of a sllght amount of o) produc-u

'.'tlon 1n”the 2-pion mass comblnatlons. It -will be seen below that:all'
the mass spectra are well described hyva.fit nhicheincludes-n and W

production in the 3-pion mass spectrum as the only resonances present.

B. Details of the n+n-no'Mass Spectrum:

The 3-pion mass spectrum'will now be investigatedvmore'closely.
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In order to find the amounts of 7 and w, as well as. to fit their masses
and widths as a function of c.m. energy, the data were d1v1ded 1nto
six c.m. energy 1ntervals, each of which is lOO MeV wlde, centered at
the values B, om = 1 8, 1. 9, 2 0, 2.1, 2. 2 ~and 2.3 BeV. For each
interval a separape max1mum-11ke11hood £it to the data-was perforMedi
using the program MURTLEBERL‘37 The amount mass, and w1dth of the two
resonances were determlned by the flt the values obtained are given
in Table 5. Because the 1 and w w1dths are larger than -the true w1dths
of these reso‘nances,a6 the l;ne shape used 1n'the fits was Gaussian,
ane the widths in Table 5 are fuil width at half maxim’um.' Inclusion
of Af+(1236 in the ‘maximum- llkellhood flttlng procedure was found to
1dent1fy only a few per cent of thls resonance, w1th large errors. on .
1ts amount and w1dth in addltlon, the n and w parameters were the
 same whether or not ot (1236) was 1ncluded in the fit, so for s1mp11-_ ;
c1ty thls resonance is 1gnored in Table 5

v Bach of Plgures 25 3 shows a mass spectrum from reactlon (IV. )‘:
at the 31x c.m. energy 1ntervals the curves are the Monte Carlo pre- -
, dlctlons of. the max1mum-11ke11hood flts summarlzed in Table 5 Wlth
the exception of the pn spectrum, all the mass dlstrlbutions are’ well
“described by a. fit 1nvolv1ng only n and w. s1gnals in the 3- plon mass
spectrum‘ » |

The- momentum-transfer-squared between the.beam and the 3 plons in

reaction (IV l\ is plotted vS. B-plon mass in Flgure 35. ThlS flgure :,
differs from a- Chew-Iow plot in that it is the mass, and not the |

. mass- sguﬁxed of bhe 3 plons that 1s plottcd ag alnst the momentum—.e_

'Lr:mslvr-squ:n-od ‘nd,. more unportanbly, in that :111 c.m. cner sies -
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are combined'in the plot, so that there is not a well—defined boundar&,
as there would be if’ the c.m. energy had a.single value. Therefore |
the distribution of pointspin the uertical'direction is not equivalent
to the production angular distribution. However, it is apparent from
- the flgure that w's are produced out to -t of over 1.5 BeV2 whereas‘
- n production occurs only out to about -t =1 BeV?. |

‘Although there is no obvious structure in the 3;pion mass spectra
of Flgures 15 and 25 above the W mass, we w1ll examine the p0551b111ty
of the presence of the H(990), @(1019), and A-mesons, all of whlch
have n+n n decay modes reported.

The H meson,. with mass around 990 MeV/c and decaylng 1nto n+n no

2
via pﬂ, ‘has been reported prev1ously. 1b, 2le, 21d, 20g, 38 More -

rccently Galtlerl and Sodlng,39 and Fung et alL,quhave shown that the.
evidence for the H(99O)713 not*compelling(-_As_noted_above in reference
to'Figures 29;'30, and 31, there is only.a tery smail p-Signalvin'the
’n+n-,'ﬁ+ﬂo,'and n-no mass.combinations.'.Nevertheless the n+n-ro‘mass B
spectrum has‘been reexamlned under the constralnt that the nn mass
ucomblnatlons lle in the p mass band (650 MeV/c < m(nn) < 850 NeV/c )e
Flgures 36, 37, 58 and 39 show the P mAass VS. c. m. energy and pm.

mass distribution for the comblnatlons I} no, p+ﬁ P n+, and all pn,
1respect1vely. Only the o°x® mass spectrum with -t(beam to 3 plons) <
'O 6 Bev2 shows an enhancement around the hypothe51zed H—mass of 990
McV/c ;s it appears ‘as an excess of 30 to 35 events around a mass of
970 HeV/c . However, the total estlmated number of decays of the type

.fﬂ ”WWH for events with "goodness" and spectator momentum cuts equi-.

v.valent'to those in this report is approximately'lZQ.hl Using the |
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branching ratio

(n* = nen)/(n' » x5y (including ¢%) ) = 3,20

an estimated 40 ﬂ+ﬂ_7 events should appear around the.q' mass.. . Figﬁre o

L0 shows the-ﬂ+n-7_mass spectrum for "good" 4-pronged events from
reaction (II h) with spectator momen tum less than 300 MeV/c;:'There _

appears to be no excess of events around 960 MeV/c 5 and in fact there

. 'are only 15 events in the mass 1nterval between 9&0 and 970 MeV/c .

If we conclude that all the events containing the reactlon

. | L | I |
w.n - p1q, Nt ey : o (Iv.2)

appear in the p p n+nfnovfinal state, then the 30 to 35 event bump in
the p no mass sPectrum is. consistent with the expected hO events from
reaction (IV.E). There remalns no ev1dence for productlon of the H

meson in this experlment

The ¢ meson with mass’ 1019 MeV/c has a reported n EE (1nclud1ng_‘

pn) decay fractlcn of 201per cent.26 The @ decays 1nto K K -with a

listed branching ratio of:h8 per‘cent,,so 2.4 tlmes as'many K'K”

.decays of the ¢ arevexpected as 34pion decays.',However, the total

_nﬁmher‘of:erehts“cf the'reaction' B

v"'%‘n»_-*‘qu P KK 7 (Iv3).
v , o 3 ;

good" H-prbnged'eventS’isvcnly 30 to k0,7 so that only

in the "
" about 15 events from the reaction

' n - pcp,vcp-nr*n n°,. (e
are expected,- It is clear from Flgures 15 and 25 that such a small

1number of'events w1ll'not be detectable. However, since the @-» 3n

brqnchlng ratlo of. 20 per cent 1ncludes ort events, we can examine the"
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pt mass spectra of Figures 36 toi39, which,fhowever,.show no @ en-

hancement around 1019 MeV/ce. The expected 15'¢ events is an upper

- limit for the px decay mode, and since the @ has T = 0O, the events

should be.d1v1ded up in the propcrtlonswf
pono.:‘pfﬁfrr_p-nf '%h.5 5 ;h5,

'ahd theseethree cn speétra'are of course consistent uith_having 5
extra events apiece-arcund a mass of 1019 MeV/ca.' Figure 39, which -
is the sum'ofball the pn.stectre, also shows no noticeable enhance-
ment around the ¢ mass, even w1th -t < 0.6 BeV2 although it is con-
v51stent with the presence of up to 15 ¢ events. _ :

It is noted that there.Seems to be no A, signal near 1080 MeV/c?'r=
in the prioh mass spectrum of Figures 15 and'25 or in ahy of the pt
- spectra of Figures 36-39. At this point:it.shouid he stressed ageihr
that Figuresr29-3i indicatelthat'very little P of:any-charge is-pro;
duced so that the o spectra whlch have been exanuheévfor resonant k

s1gna1s consist of at least 80 per- cent background..

Lastly, we remark tr1v1a11y_that no A (1300) 51gna1 is detected.

~ in the 3- plon mass’ spectrum, because the hlghest energy of this ex- =

perxment Just barely reaches the threshold for A productlon.

2

C. Cross Sections for the Reactions x' n ' p n,eﬁ+ n > puw -

The. cross sectlons for n. and W productlon were obtalned by cal-
culatlncr the ratlo Rre of the number of Tesonance (n or w) events -
to the number of events fitting reactlons (II 1) through (1T h), the t

fsum of whose cross sectlons is requlred bv charge symmetry to be

qual_to the,sum.oﬁ the_cross sectlons (call thls sum csum) for'the-ﬂ
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processes
T S e
T p - ® m n, o - (1Iv.5a)
o + - o L
> 1w n (mm). ' - (1v.5D)
The resonahce cross section is then R . 0__. The cross sections

res. sum

' for‘reactions (IV.5).have been measured e_"btsewhereh2 over the energy
'fangé of this experiment;‘ the Vaiues Of-Usum nsed here aie‘given in
.Tablel6. .Identical "event goodness" and Spectator monentum cuts were
made on all of reactions'(II.l) through (IIrh); and‘the fraction of‘
n‘and,w“events in.reaction'(II.Q) was'determineo in 13 different c.m.
energy 1ntervals, each 50 MeV wide, centered at the values l 75,-1 80,
1.85, ooy 2.35 BeV. The max1mum-11ke11hood method was applled to.
- find the fractlon of 7 and w events, 1n_thls series of fits the
.resonance masses were set at the'average-values seen from Table 5
( 5&9 MeV/c s m '785'Mev/-c2 )s and thé widths-a.s a function of |
'_c m. energy were also obtalned from Table > (1nterpolat1ng where
necessary). The Cross. sectlon o um-was calculated»by 1nterpolat1ng B
from.Table 6 Table 7 summarlzes the number of events and the fractlon‘
'of resonant events found in each c.m. energy 1nterval | |
A Cross sectlons were caiculated for the processes
B ©(.6a)
F;*vP g _ e - "f . (1v.60)

and_aretthus corrected for:the bfanching ratiosz6

It st 5 %or 7) )/ (n > all) - 29, . (W.Ta)

~(w - yr+1t-n‘ )/ W = all) - ._90 - ‘ i (IV-Tb)

. In the calculation account was taken of the fact that not all of the -
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~ Table 6. oum of cross sectlons for the reactlons a p-e Towono

- + :
and ¥ P> n,l(mm) as a functlon of:c.m, energy,

- E_ : Y S - source
Ceems - . sum =

BeV) - o (mb) ”'_ -

16180 11.5:0.6 - - a)

1Jm   1L#£a6ﬁ:  by{iV'
L7260 1008 &)
11Q795' S 10.k+0.8 f‘b)
_’1.872: . 1.1+ o.j Q,'  by
|   :2fi8li | ‘f 11.6 o : iy
'f 2.23é,    : 11;8 i 0.6 | v” o)
o -2.‘3‘09'1' 107506 c) T
::' fé.ho5¢' ;?:1Q;u'¢ O.sf ‘ f:;5 5yfff5ff ;.,
é§5ou;f:° 9.0 +o0.k f"   c)’fi: e

a) E. Plckup et a1 : éR‘iBQ »1819-(1963);~

i b) T c. Bacon et al., PR 157 1263 (1967)

 ‘_ c) L. D Jacobs, UCRL 16877 (1966)
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. Table‘T:. . Event numbers and resonant fractions as a function of c.m.

B enefgy in‘thiftéen*50*MeV-Wide c.m;venergy intervals.. o
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events with-a n+n_7 decay of the 1 were included in the events as-
signed to reaction (II 2). In fact from the n+n y mass spectrum of - X e

Flgure 10 an estlmated 26 n events remain classified as reactlon (II.h),

and are not 1nc7uded in the flt. From columns 3 and 4 of ‘Table 7, it

is found that there are around 518 n events in reaction (1. 2), so the
1 cross sections were corrected by the factOr 344 /318 - 1.08, since.
ithe branching ratio (IV.7a) iS‘used in the.calcnlation.:'

As is discussed in Section III, the Glauber screening of the
'.target.neutron by the spectator proton and'the effect of the Pauii
exclusion principle in.suppreSSing'Iow-momentum-transfer processes
should affectvthe,cross_section determination onlvoinsignificantiy. : h' .
‘The reason for this is basically that éli of the reactionsh(II.l)- s g “,
- (II.4), which serve as the normelization:cross section, are affected .
vin similar proportions;jso.that the ratio ofvthe‘nnmher:ofﬂresonant
‘events to the number of normaIization_events is'uneffectedvto a first.
'approximation; in Section IIT a more completevdiseussion is’presented;

The main uncertalnty in the method arlses from the spectator |
momentum cut - (p spec. < 300 MeV/c) applled to all the events ‘used in-
-the~cross section determlnatlon. As was noted in Sectlon III each”->
of reactlons (II 1) (II 4) has a dlfferent fractlon of events w1th Iih_
“spectator momentum above 500 MeV/c, so that a different fractlon ot I -
events is excluded from each reactlon. However, ‘as was stressed at |
the beglnnlng of thls sectlon, events w1th spectator momentum less

than 300 MeV/c conform well to the expectatlons of the 1mpulse model, - - o
S0 that for each of the normallzatlon reactlons only those events are ‘
f

- .used for Whth 1t is llkely that the target partlcle is a neutron,-



" . _7'9_ .
'and not the entire deuteron. Stlll ifrscatterina of fbe final;state '
pions on the spectator nucleon 'in reactions (II 1)- (II 4) is the cause i
of most of the high-momentum spectators, then dlfferences in the
amount of this scatterlng among the normallzatlon reactlons will lead
to a systematlc error caused by excluding different fractions of>
’,events for the different reactions (II. l) (II h)  This systematic
error»could not be large, however, since the normalization reactions
all have similar fractions of high-momentum spectators‘(see Section |
YIII)‘ _ : v

It was noted in Section II that about b per. cent of reaction (II 2)
is actually contaminatlon from reaction (II 6) From Table 7 1t 1s
seen that reaction (II 2) accounts for only about hO per cent of the
.normalizatlon reactions (II.l)—(II.h), sovthat‘thls contamlnatlon is
i about:1.6vner cent of the normalization‘events. This 1mp11es that -

the Ccross. sections for n and W production should be 1ncreased by about

e this percentage, but - since 1.6 per cent is so much smaller than the

typ1cal error of" 15 per cent in. the n and cross sections, the cor-.
L;rectlon due to thls contaminatlon has been 1gnored,

Table 8 shows the cross sections obtained as described above for
'reactions (1v. 6) The_errors take 1nto\account_the.uncertainty-lnAthe
_bresonanceffractions of Iable 7 and,the errorS'in fhednormalization.‘»
cross‘section-of Table 65 Asbstabed'ab0ve; the cross Secbions areij
corrected:for unseean and w decayvmodes.v Figures 41 and.&?;show;the :
crOSS;sections’vs.vc;m;_energy for reactions,(IV.6a) and (IV.6b), |

resbectively:,— | ‘ |

The Cross sectlon for 1 production has been measured elsewhere,
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bYoth for reaofiou (IV;6a) itself (by Bacon et al.18c) andofor ifs :
 charge—symmetr1c counterpart B p-+ n n (by Bulos et al., uj'Richards
et al.,hh Crouch et al.,l‘t5 Wahlig and Mza.nnelll,h~6 and Gulsan et
'2__ ), Whlch should have the same c¢ross section. Likewise the'cr055~
, sectlon for reaction (IV 6b) has been measured at other energles,
although much less extensively, both for process (IV.6b) itself {(by
Kraemer et 21;;17% Baeon-gg a;;)l8C‘Miller et a;;,la and ﬁeuSOnz;Q)u
and for its_charge-symmetric version'(by Boyﬁ»gﬁ g}#ﬁS). Figure ﬁ}a
isra'iogarithmie‘plot'of the nkcross sectiOn measurea in tﬁis'experi-
'ment along with the data p01nts of Bulos et al., Bacon et al., and
Guisan et al.' For the sake of clarlty, the points of Rlchards et al.,
of Crouch et al. al., and of Wahllg and Mannelll are not. 1ncluded in the
flgure;; the data of Rlehards et al. overlap and agree well w1th the
_poiutsrof Bu1os Ei'él;: those ofICrouch et al. overlap w1th those of .
thls experlment and of Guisan gi.al., with whlch‘;uey do not entlrely
agree, and- Wahllg and Mannellr have measured one p01nt which agrees-
iperfectly w1th one of the cross section p01nts of Guisan et al.
Figure h}b shows .the w.. cross sectron p01nts of thls experlment along
'w1th the data of Kraemer et al., Bacon et al., Boyd et al., Mlller et

»al. and Benson, whlch for the most part do not overlap Wluh those of

this report.
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V. 7 PRODUCTION AND DECAY IN THE REACTION n* n - q}p

Events referred to here as 7 events eome from the decay '
| 1 - e (or.y) {About 10 per cent are estimated to be x 7 -decays;
see Section IV.) vThe mass cut for the 1 selectlon is

530 MeV/c2 %Im(ﬁ+ﬂ-ﬂo) < 570'MeV/ce.
These:events also eatiéfy the'"goodnesa" criteria defined iﬂ Section
' IT and have speetatorvproton momeﬁtum leSS'than13OO MeV/cf 349 sach '
events lie within'the M mase cut. - The eross sectiOn for n.production _

as a function of c.m. energy is given in the previous section.

~ A.  The n Decay Dalitz Plot

"vFigure hh.is the Dalifz*piotrfor:the 3-pion decay of 3h9 n band -
':.events. The x-axis 1s‘JF_(T -7 )/Q, and the y-ax1s is 3T /Q -1,
where T;, T 3 and T are, respectlvely, the klnetlc energles (1n the'

- 3-pion rest frame) of the n+,_n » and nO; and Q = mo- M4 - m - mko.
A toplc of current interest is the v1olat10a ef C- congugatlon

k9, 50, 51

invariance in n decay into n+n no and n I 7 An excess of .

‘events on elther 51de of the vertlcal b1sector of the‘nbdecay Dallta
plotvof the form of Figure Ll 1a_an.1nd1cat19n_9f Cfv1olat10n; a’brlefiiu
discussion of the reason‘for this is giyea in Appendix C. The frac?.

tional rlght ~left asymmetry, | | » |

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

of thedq-é'n+ﬁ-ﬁo Dalitz plot has been measureddby avmulti-uaiverSity
collaberation 22 yhich. found A - +. 058 + .03k by Cnops et a1.,55 who'
foundeA +.003 + .OlO by larribe et al., La who measured A -.0061

s .0Lk0; by Raltay et al.,l2+ who found A f'+.072 * .028; and, most
. —— —' . . - . . ’. .
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recently, by Gormley et al. 54 whd;found A - +.015 * .005. The
‘asymmetry for the 7t n 7 decay of the n has also been measured (although
with less precision than for the ﬂ+ﬂ x~ decay) by Crawford and Prlce,55
who found A = ; 02 % . L1735 by thchfleld et al.,lsb who measured:
A - -.04 = 08-.by Bowen et 21L256'wh0 found A=+ .015 % ;625§ and
by oormley et al.,57 who obtained A = +.024 + ,O1L.

The rlght 1eft asymmetry in the decay Dalltz plot of the n events
in this report is A= +.032 = O5h

The varlatlon along the vertlcal dlrectlon in the denS1ty of
p01nts in the 7 —>ﬂ+ﬂ n Dalltz plot of Flgure hh is a well -known -
feature of this decay, and it has been dlscussed as ev1dence'for the
ex1stence of an 1ntermed1ate n+n resonance in the decay.58

" When the n decay 1nto n+n no is fitted-with a matrix element of o

the form

v M(n —9ﬂ+ﬂ T ) 1+Db (3T /Q -1), o ._(Vfljvi
| Price and.crawfords9 find b.: -.h5‘i'.o5,vand Cnops EE g};éqlfindi
Figure ﬁS’shows tne‘variation of'density of‘points.w;tn‘tnedthﬂ
y-coordlnate 3T /Q - 1 for the Dalltz plot of Flgure 4, The y;aXis
f Flgure h) is ‘the den81ty of p01nts relatlve to - that expected for
unlform populatlon of the Dalitz plot._ The den31ty was calculated -:A

under the assumptlon that of the events in the 7 mass cut 86 per cent .

are»true ) events, and the rest are backwround unlformly distributed ,y

over the }ulltz plot. The background estlmate is explalned below 1n
the- dlscu351on of the 1 productlon angular dlstrlbutlons. “No account

has: been taken of the estlmated 10 per cent of the q events whlch are
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really e 7 decays. The straight line is a good fit to the points

in the flgure and has a slope of -1. Since,“from equation (V.l),,
O #*n’n’°>|2 = 1+2 (3T /Q-1)  (V.2)

(assuming that b is real), this gives
b = -.50 + .05

for the,density variation factor for the n events in this experiment.

B. Production Angular Distributions for n+ n->np

s_The production angle in this reaction is defined-in the ﬂ+n
‘rest frame (the rest frame of.the h-vector P4+ Py~ 'p(é)‘)'as the d”.v
anble between the incoming n beam and the outg01ng n+n-n° momentum m
vector. ~‘ |
Apprec1able numbers of events in the. n band are found in tbe.s1x

IVIOO Mey-widevc,m{ energy 1ntervals_centeredvat.Ec._. = l.7,o1.8, .f.,
2.2 BeV; the first interval has 19 events, and the rest contain
v_;between hO and 80 events aplece. From the~assumed‘GausSian;line
-shape -of the n+u "2 mass - spectrum in the 7 mass reglon, it is p0551ble
_to estimate the fractlon of background events in the 7 mass cut in
each c.m. energy 1nterval u51ng the w1dths for thein 31gna1 glven in
Table 5. The background fractlon estlmates are 15, 0T, .13, .17,

' .ll and .19, for the c. m..energy 1ntervals centered at 1.7, 1. 8 1.9,
’e2 0, 2.1 and.2.2‘BeV respectlvely.v The overall background-fractlon
for a11 the events in the 7 mass cut is .lh "‘The 5-p10n productlon :

.. cosine dlstrlbutlons for 3 plon masses somewhat above the N mass cut

(there are very few events w1th 5 plon mass below the 1 band) are
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.falrly flat at all CoM.. energles. Assuning that the production'angularvv
dlstrlbutlons in thls control reglon are the same. as those of the
'background events 1n the n mass reglon, the background events (whose
fractions are glven above) were subtracted 1sotrop1cally in productlon
c051ne from the productlon dlstrlbutlons for all events 1n the 7 band..
Figure 46 shows the production»cosine distributions in the c.m.
energy interwals‘mentioned above for ewents in the 1 band,bwith iso-~
troplc background subtracted in the amounts glven above. The variable’
in the d1str1but10ns is productlon cosine and not momentum-transfer- J
sduared (-t), because the 100 MeV range of c.m.,energles in each plot'
means that the.maximum.value of -t varies'by typically 25 per cent:
over the plot. As an aid in _e’s_timating the t-distributions, Table 9 7”' 3
shows (-#>minimum and' (-t)__ nacimum for the reaction n+ n;é 1 p‘at‘a |
'series of c.m. energy values. The shaded hlstogram contents in the
forwardmost twovblns are the estlmated number of IOWhmomentum-transferv:
::events suppressed by the Paull exclus1on pr1nc1ple. Sectlon III con- d‘
ibtalns a discussion of thls effect' 1n particular, see Table hb.
- From:-the: presence of the forward dip in the n productlon cosine dls-' f~ o
tributlons, and from the fact that.the nucleon spln-fllp amplltude
-must vanlsh in the forward dlrectlon, whereas the non—spln fllp ampll- ‘ } ',_:' j
tude need not, 1t is assumed that the Paull pr1nc1p1e correctlon fac-
_tors to be used for thevn productlon cosine dlstrlbutlons are those o
.'for the Spln-fllp amplltude | |
| - The sharpness of the forward dlp in the RE Productlon cos1ne dls;;:b

Lrlhutlons sug;ests that the d1p may ‘be due to an expcrlmental blas -

1n_the sample;oi events.,01 because only h-pronbed events (events w1th .

DPRE
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two visible finalestate protons) are used for this report; it is
plausible thaﬁ events with low momentum transfer-may be lost intoithe
sample,of'j-pronged events in the_foilowing way:. Since the target
" neutron, when it coliides with an incom.i-ng ﬁ+v and be'comes a'proton,
'is.novingrwith a‘Fermi momentum of around 100 MeV/c in the laboratory
:system, it is possible that for low-momentum-transfer collisions |
many target neutrons are given.just enough 3-momentum te make the -
laboratory nomentum'of the final—stafe proton below‘85‘MeV/e.' Such a
- proton dees not produce a visible ﬁrack, and the event, which.nouid
-normaily appear as.a h—pronged event, is a'3—pronged event and does
.not appear in the sample of 7's shown here.u A Monte-Carlo experiment _
was programmed to 1nvest1gate this effect over a few values of C.M.
energles coverlng the.c m. energy range of thls experlment. It was
found that thls blas only affects the forwardmost b1n of any of the 7
Vproductlon cosine. dlstrlbutlons presented and that the correctlon for
events 1ost from thls bin 1nto the 3- pronged events and 1nto other
production cosine blns,dueyto.m1s1dent1f1catlon of the spectator proton
nas at most h~per‘cent;land tyﬁically éfper cent. This'eorreetion |
cannot acceunt for tne-sharpness of the forward diﬁs,seen in:Figure
46 and it is ignored because of its smallness. 'it is thus felt that
the sharp fornard dips seen in the flgure are a real attrlbute of the

: data.~:

C. A Regge Description of the Reaction n n-ia-.q;g"

Using Veneziano-Type Residue Functions -

The concentration of events near the forward direction (cosé = 1)
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in Figure §6 suggests a description 6f theAbroduction process‘in terms
of a t-channel pole, that ié, in‘terms_qf particle ér Regge-pole
'vegchange.' Figure 47 is a diagfam_illustrating>this procéss; the
: exchanged pole is thg A2(13OO).me$on.witﬁ spiﬁ;parity of 2+, TheAAé:
is the onlyAknown‘particle which can be exchanéed in:this>reaction.
~ This is because the upper vertex of.tﬁe figure réquires that an T :Al,
iﬂ = - object»bebexchanged; of the féur I ﬁ'l_possibilitieé, whichAaré
T P A2, ande,.p and B are excluded because they have G = +, and nA
is ellmlnated by spin and parity conservatlon, since the n has JP 0
(1ts Regge pole equlvalent has unnatural spln-parlty, i.e. J,P =
3, | "
The diffefential cfoss section for'this‘reaction,'ih terms of

62

- the invariant amplitudes A and B, _ is

. do . 3895 M2 £ " [s - uy 2" 1ot
d(cos6) Kmb) T 8rs ql{‘2—|Al » .E hM . ]lBl

| - (8_2;4

- Here s,»t,'and:u‘are the:usualjMandelstam variéb1es, and

initial-state c.m. 3-momentum

e

"final-state c. m.:3-m0mentum'

q‘f=
ko= t-channel meson momentum , o
= ;[% - (m + m ) ] [t - (m - m ) z /@,/
P = t-channel baryon momentum .

M . nucleon . mass

‘_‘)Ré(A*B)} o ay

. . .
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- Figure 47. A -cxchange diegram as a mechanism for the reaction .=~
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"~ All masses and momenta are in BeV. The Regge'form of the in#ariaht -

' amplltudes A and B 1s the leadlng order in s of a Vene21ano parametrl-

- zatlon:62 ?
Ay - a I‘(l - a(t))u; By @) ey
B (Bev'®) = b IR(L - at))(1+ ) oL '

- For a discussion of the'invariant amplitudes A and B, and for an
elucidation of the function I'(1 - a(t)) -as the Veneziano form for the
Regge residue functioﬁ;'the reader is referred to Appendix D« a(t) is

the A. trajectory functlon, whlch is taken to be the straight-line form

2
a(t)-=2+b(t-m§ =2+b(t-169) O (V.5)
_ 2 B R
This parametrizetion is similar to the standard'Regge treetmenﬁ of
' 63

t-channel helicity amplitudes, but the Veneziano model demands that

be‘the universal slope of the linear trajecteries. Hence, teking the .

universal slopedbvfrom experiment-to be'l BeV 2 A and B are prescrlbed
:'ﬁpfto'the'reel constants aa:and-bo: the only parameters of our flt.:
.AjleaSt-sQUares fit ﬁo the EEEES .E;Z of the 1 production angular
distributions'results inbthe choice _ . _: | » _
'b.o-/aé ,b=v..2"l" o | (.V.7)v o -
- as the ratio of maénitudee giving the'best fii; whleh'is dlsﬁlayed' |
upon the-six'production cosihe distributions'in Figure h8. The-cdr?es
': on the producflon dlstrlbutlons all satisfy equatlon (v.7), but they
- are normalized separately to have the same area as the respectlve

'hlstogram’ln Flgure h8.¢ It w1ll be seen below, however, that a'51ngle
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: ggre 48 1 productlon cosine dlstrlbutlons for 'six 100 MeV-wide

»c.m; energy 1ntervals centered at the values 1nd1cated. ' The shaded
events are»added to account for the effect of the Pauli exélusion

principle.--The cufveé'are”the predictioné of the Réggeized A2-

‘exchange:model'with‘bo/ao‘: 2.4; they are normalized to have the

same ‘area as the histograms.
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choice of scale'facfor, i.e. a unique choice o_f-aO and bo’ fits both‘
the shape and absoiute scale of all distributions. .The zero in the
curves at t = —1.5_BeV2 occurs because the eignatnre facfors ih ampli-
tudes (V.k) go to zero when a(t) passes'throﬁgn -1,

| ’.The energy dependence of}the total cross section for’this reaction
and its charge-symmetric counferparf have aiso been'compared to.the
modei. The cross‘sections of references l8c,vh3,band'h7, as well as
tne data points of thisdexperiment were used to test the vaiidity of
fhe energy dependence.of the total cross section predicted by the
model; these data points'epan the c.m. energy intervai:from threshold
for the reaction up to almost>6b BeV, the rhi‘ghe-st'energy 'at- which it |
nas been studied._ Figure h9 is a plot of the total cross section for
reactlon (V. 6a) and its charge symmetrlc equlvalent VSe Ce n. energj,

2

along with the predlctlon of the Reggelzed A
data points are the same as those in Figure 4¥3a. With bé/ad = 2.4,

-exchange model; the

and rhe‘raluevof a choeen so.tnat the‘curve:passes.throngh fhe arbi—.
trarily selected data point‘atcEc.m; ;‘§;h6 BeV, the fit isdseen fo be”
veny good over_theientire_range-Of energies. vThe energy dependence

vof the curves is seen to be quite sen51t1ve to the value of b /a ;
agreement with the total cross sectlon data 1s obtalned only for the
rratlo bv/a« w1th1n ¢.5 per cent of the value-2.h 'whlch.ls»the same!
ratlo needed w1th1n ; 10 per cent, in order to flt the __gge of the
productlon angular dlstrlbutlons. Furthermore an A2 tragectory slope.
Cof 1 BeV 2 t 10 per. cent is necessary to flt the ‘width of the experl-

. mental productlon cosine dlstrlbutlons, and this is in accordance with ‘

a unlversal tragectory;slope of 1 BeV 2.
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' The parameter values used to obtain the fit to the shape of our
production angular distributions and to- the total cross section over
a wide range of energies-are

':-v . o =‘68. : | . b. '
8, = 28T, By = 6.8 (v.8)
Tigure 50 shovs the differential cross section dc/dt Tor

" p - nu, f\—>~7'7- o (n)

from reference h? at C.M. energles above 2 50 BeV along with the o

T

predlctlons of ‘the Reggelzed A —exchange model .the curves are nor¥

V _malized to have the same area as the hlstograms. ‘The agreement be-

-_'tween the experlmental dlstrlbutlons and the model is seen to be

“satlsfactory, the total cross sectlon p01nts of thls reference are in-
excellent agreement w1th the model as is ‘seen from Plgure k9, Figure
51 shows dlfferentlal cross sectlon measurements from two more experl-

ments.-'In.Frgure 5la the dlfferentlal crOSS-sectlon measured by -
‘Bensonzlq’.zle 1s compared w1th the model.-‘Here the agreement is
'qulte good except for the greater number of events at large values of
t-t than is predlcted by the model.; However, it should be noted that
the experlmental dlstrlbutlon of Flgure 5la 1ncludes events from reac-
;_tlon (II 2) with spectator proton momentum greater than 300 MeV/c.»w
These -are events whlch are suspected not to arlse from n+ collls1ons
‘w1th only one of the nucleons in the deuteron; and they are at the.
.same time events-whlch are llkely to have large momentum transfer
values, since both_final-State protons haVevlaboratorv momentum |

gxeater than 300+ Mov/c. Tt is further noted that the sharp forward d

dip in 11guzc Hla is in dlsa"rCment w1th the equlvalent dlstrlbutlon i
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.of>referenee 47 shown in‘Figure 505. ,Figure Bib is the differential
Ccross sectioﬁ for reaetion5(v.9)vdetermined by Wahlig and Mennelli
at E . = b3 Bev. ‘The.‘di.stribution':is somevhat broader than the
,model predicts; in this_cennection it is noted thet the equivalent
>>distribﬁtion of‘reference L7 seen in Figure 50d is narrower than that
of Wahlig ahd Mannelli‘and more in agreement with the model;'although
both of these sources obtein the seme,tgfal eroes section.

At tﬂe lower-end of»the energy spectrum Richards et g}#hurhaQe
measﬁred differential croes sections for_reaction (v.9) whieh.ere in
: excelieﬁt agreement witﬁ these of thisvreport at tﬁe eﬁergy VeiueS'

- where they everlapf Only.iﬁ the differentiai erose section‘measufe-'
ments:of.fhisvreference around E ﬁ; =11;55 BeV the mass value of fhe :
', N1(1550) resonance,26 do the data dlffer markedly from the predlutlons
of the Leggelzed A -exchange model. ' o

The simple two-parameter Regge exchange mbdei descriﬁedvhere is‘
thus suff1c1ent to descrlbe accurateLy both the productlon angular
dlstrlbutlons and the total cross sectlon for reactlon (IV.6a) over
a w1de.range of energles;- thls ;ndlcates;thatithe.t-channel process
ot Aé-exthange dorﬁinates the -iéa'ction from near threshold up to the
' hlghest energy for which data are avallable.

Reference 6h is a‘list of other (less comprehen51ve) Regge fits

-to thls reactlon, using different parametrlzatlons.
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VI. w PRODUCTION AND DECAY IN THE REACTION ' n —w p'

Thevn+n'n° decay mode of the w is the only one considered in this

report and an w event is one for whlch L _

| 750 MeV/c < m(n T ) < 820 MeV/c .
Only those events are used which satlsfy-the goodness reduirementsi
of Section II and have proton spectator momentum less than 3200 MeV/c..
' About 3100 such events lie in the w mass band defined above, the
background fractlon in this cut is est1mated to be 17 per cent. The
reader 1s remlnded that the cross sectlon for w productlon as a

functlon of c.m. energy 1s given in Section: IV.

- A. The w Decay Dalitz Plotj_’
The Dalitz plot-for the 3-pion'decay of 5116 w'band events is.
shownvin Figure 52 'T '+ T, and T are the klnetlc energles in the

+ :
w rest frame of the T, T ; ‘and no, respectlvely The promlnent fea~

ture of thls Dalitz plot is the concentratlon of,events_near-the

center and the pauc1ty of events near the boundary. This character-‘,v'

“distic dlstrlbutlon of events in. the Dalltz plot was used to. determlne
the sp1n-par1ty of the w’as. l in the analy51s of the experlment in

which this meson was dlscovered and all its quantum numbers deter- .
mJ.ned./5 Slnce then Flatte et al.66 have made a thorough analy51s of

over h600 3 plon w decays and also conclude that the spln-parlty of

the w is 1 . The 31mp1est matrlx element for the decay of a 1 par-. 1

ticle into n+n né 1s p x- p y where p and p are the momentum vectors'

+ -
e_of the - and the 2" in the 3- -pion rest frame.ézThe square of thls

matrix element is dﬂsplayed on the Dalltz plot of Flgure 53 The
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- contours are iines of constant irtensity; the center of the Dalitz
plot has maxirum probability, and: the boundary is the conteuf of zero
‘probablllty. |

The fractlonal 1eft~r1ght asymmetry of the- events on the w Dalltz
plot in thls report is .
| A - - D/(R+ 1) = -.02k & .018
The s1gn1f1canee of an asymmetry 1n the decay n<ﬁ H+H n. has been

dlscussed in the prev1ous sectlon

B. Production Angulaf Distributions for n+ n—wop

The prdduefienvangie is the angle betﬁeen the ﬂ+’beaﬁ end the
final-state n+n_ﬁ9 momentum vector, in the”initial-stete nf n rest
:frame; | |

| Production cesine_distributioﬁs were obtained for si# 100 MeV-

3widelc;m. energy intervalsicentered et Ee.m. :_l78;.if9’ “ees 2.3 BeV;
the inteivels contain betweee 200 and 750Vevents each. Using'the‘
Gauss1an W1dths of the w s1gnals in these 1ntervals (see Table 5),
estlmates have been made. of the background fractlon in the W mass cﬁt
. for each 1nterval.of,c.m; energy. ‘The background estimates for the
’_intervals centeree af E .é. ; 1.8- 1.9, 2:0 2.1' 2;2, eed 2.3 BeVAere -
.18, ,17; .20 ;16, .11, and 14 respectlvely. ‘'The shape of the
bbackground productlon cosine dlstrlbutlon was presumed to be the same .
-asvthat for 3-pion comblnatlons w1th masses above and-below the w
mass.f The sum of Droductloﬁ cosine dlstrlbutlons for 3-pion masses

~ above (830 MeV/c < m(}n) < 930 MeV/c ) and below (60 MeV/c <

'm(5w3 < (hO Neh/e ) the w mass was found to be forwﬂrd—peaked at all
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c.m. energies except a£‘l.8.BeV;“The shapé.of the production cosine
distributibn for these 3-pion mass cufs is well apprbximaﬁed by'thé.
function | | |

b o-(1-0050)/.25 (v1.1)

b(cosb) = 1 +
wﬁere h variéd befﬁéeh 1 and 5 (éxéépf h =0 at 1.8 BeV);: A back-"
" ground with this shape ;as’subtraétéd from each pfddUctidn éosihe
'dlstrlbutlon in the amount glven by the fractlons stated above.
Flgure 5h gives the W productlon dlstrLbutlons for six 100 MeV-
wide c.m. energy intervals after subtract;on'qf the estimated back—.
‘ ’ground. The shaded aieg_in thé‘forﬁardmost two bins is'the estimated‘
humber of events suppressed af low momentum transfei by,fhé Fauli
'exciusionxprinciplé.> A discussion of this;effect is given in Section
_III. The fact that tﬁé productiqn cosine distributions at the three
'vhighest energies‘have_aVsomewhatbflat‘forwafd.peak.suggests ﬁhat thé
'-spin-flip'asvwell aé-thé non—sbin-flip amplitudé contribﬁtes. fIt was
"thus decided fo take the average of'thé.spin-flip énd non?spin-flip,..
.Paull suppres51on factors of Table ka in maklng an upward correctlon
- to “the two forwardmost productlon cosine’ blns at each energy. Table
minimum maximum

10 shows ( t) and (- t) for thls reactlon at a number ofv

c.m. energy_values,so that the tfdlstrlbutlons can be estlmated.'

' C. Decay Angular Distributions for w - n n n°

The decay of w mesons from the reaction A n - w p will be des-
~cribed in the rest frame of the w. ‘The decay’difection isTthe‘direCQ
_tlon of the normal to the plane of the three decay plons._-w decay

-_Lor:elatlon data will be Cr1ven for two reference frames.
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. .'Table 10.: Limits on momentumftransfer-squared as a functiof_l _o‘f'c.m.
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' a)-JackSon frame;69b

Here the axes.in the w rest frame are defined as follows.

- . . . . .
z = direction of incoming beam
¥ = normal to production plane
N T

X = yXxz

b) helicity frame:

The axes in the w rest frame are

Z = direction of flight of the w
'3 = normal to the production plane
- - S .

X = yX2

In both definitions it_is importent to note theﬁ the normal to the
production plane is taken to be b x w, where b is the 3-momentum of
the incident beam and @ is that of the outgoing w meson.

The distribution of the normal to the:B-pion plane in'thesebtwo

frames is given by6
' - 2 1 2
w(e, o) = %;[j po Ocos 6 + 5(1 - po o)81n 9
- pl 151n29c032$ v JEfRe(pl O)sinE@cosm]. (VI.2)
, 1, A A

He;e pi;j_are'the componenté of the w spin den%ity‘matrix; a dis-
euseien of'tﬁe density matrix.of a.spihil»particle is given in'
: ;Appendlx F Whlch also contalns an exp051t10n of the method used here
to flnd the den31ty matrlx." ‘

. The method of'moments waseuSedfto dete;miﬁe.the'ﬁalues of  the
density-matfix elements; :If the fraction.of Q'e?ents inithe'w maes-

*

,Lut is: f then under the assumptlon that the background events in the

out produee no d " orrelatlons of the form_glven in equat10n\(VI.2),-.f*
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_the density'matrix elements are given by

o l‘ 102 ‘ | L '
o0 = 3 7 j&aeo/f - S .(VI..VB.a).»F
'pi,-l - '11§ %gaez/f;' - (V1.3b)
Re(pl,o’) :T2— I?' 21/f : - ) I (VI.3c)-
hdHere
8y = <Y°(e,¢)> = '# ( 2cos20 - —)> | _ o (VI.ha)
aél = 2<Re(Y (9 o))> = 2<- ‘/ gz 51n9cos6coscp> ) (VI.bb)
A 2<Re(Y§(e,_<p))> - u /2 sinfocos2,  (VLhe)

where the‘Yﬁ'are the.spheiical harmonlcs (see Appendix F),:

At-each c;m.'energy the'events ﬁere‘divided-into production
- cosine 1ntervals such that each interval conta1ned about 100 resonance
events. In each productlon cosine interval the max1mum-11ke11hood _"
f1tt1ng program MURTLEBERT57 was used to estlmate the fractlon of w
‘events, the flt was performed 1eav1ng the w mass and w1dth to be . |
found‘as-well as 1ts fractlon.‘ The assumption that only the w events
(and not the background) contrlbute to the moments of Yg;

'Re(YE) was strengthened by taklng moments in the nonresonant mass

Re(Y ), and

»bband_830 MeV/c- <'m(5n)A< 930 MeV/c for'each c.m. energy interval
.and'noting'that'thesehmoments aie essentiaII&dstatisticaily zero.
.Since only w‘events and:backgfound events, Whose 3-p10n decay shonld
‘be 1sotropic, are assumed to be present in the w mass cut, only the
:three moments llsted above should be nonvanlshlng.' To check thls

: predlctlon, all the moments of Yi, Re(Ym), and’ Im(Ym) for g =1, 2 3 1

_Welc Lalculated and 1t was seen that essentlallv all moments,‘except
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the allowed dnes, are zero in the w band.

An indepeﬁdent check on the method was>supplieavby a series'df
‘maximum-likelihood fits, in which the decay correlation coefficients
8y 8ny> and aso

" and width.  In a few production cosine intervals no solution could be”>

were included in addition to the w amount, mass,

obtained, since a few events yielded negativéilikelihoods, but in all L
cases where a solution was fqund, the coefficients were in éxcellent‘_
agreémeﬁt withvthose determined from the moments analysis.-
Tﬁe>density.matrix elements qudtéd in this fepqrt are the ones

fouhd,from the moments analysis{ : |

’ Tablevll giveé fhe density‘ﬁatrix elemehts in the Jackson fréme
fouhd‘aSvdescribe& aﬁové, and in-Table.lz”aré found thqse in ﬁhé
" helicity frame. ‘The errors faké into account'the uncertainty'in fhe

coeff1c1ents a '; and a_, as well as that in the w fractlon.'

B07 21 22 o
‘Figﬁres 55, 56 and 57 show the density matrix elemepts p0,0’ 91,-1’ |
and’Re(pl,o - respectlvely, in the Jackson frame. ”The curves in these :
figureé_will be dlsgussed below. Flgures 58 59, and 60 dlsplay these
'density'matrix elements in7the_he11c1ty frame.j L

vit ié noted that fhe‘dénsity'matrix vaiues in the Jackson ffame'
for E ... = 2.0 BeVJégree well with the equivalent valﬁes given by -

* Pacon 33,31.18¢_averaged over all production cosine. The Jdckson'  '

frame values of po'o'are also similar to those found by Miller et al.}2 o

L 20 2
Cohn et al., ¢ and Bensonelq 1e at hlgher energies? typlcally

2 .
=po.o .5, which 1mp11es a l+ cos 6 decay cosine dlstrlbutlon. .
’ - . . . :4
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- Table 11. w decay density matrix elements in the:Jacksoﬁ frame as a 1"

function of c.m.. energy and production cosine interval.

E
Celll.. . ' .
pev)  °°%¢ Po,0 P Beley )

1.8 (<1.,0.) .53 % .12 -.05 .08 . .12+ .08

- (0.,.5) .60 £ .1k -0k £ .09 -.05 .08

- (.5,1.) 49+ 13 .07 .10 - -.08 + .08

1.9 - (-1.,-.3) .62 i..18 -.06 + .10 -.01 + .08
' (-:3,.1) .61+ .11 -.19°+ .08  -.0T .06
(.1,.4) 58 + .11 .01 £ .07 -.10 .06
(LT .63+ .1 .09 £ .07  -.16 * .06

- (.7,1.) S .33 : .11 -.06 £ .10 -.06 * .08

'2.0 . "(-1;,7;3) .52 +.,13 . ,00% .08 - -.06 £ .07
(=.3,.1) .80 .13 -.08 £ .07 . -.15 £ .07

(\1,.4%) .53 £.10  -.03 + .07 -.2k + .08

(.4,.7) | S51:.10 =03 % .07 - -.21% .06

(.7,1.) 3109 - J.O0h £ 07 -.18 % .06

2.1 (-1.,-.2) M0 £.10  -.12 % .09 .16 * .08
C U (=2,02) 55011 -.09.t .08 - -.16 .07
(.2,.6) - .37 + .09 .05 + .08 -.21 % .07

(.6,.8) .20 + .08 .07 £ .09 - 17 % .06

(.8,1.) .2 +.09 ~  .08%.08 . -.05t .06
2.2 ) (-i.,o.)v 30 £ .11 ~.29 + .13 =16 ¢ .09'
o (0.,.6) - 3Bh£.11 0 -.09 £.10 . -.27 £ .09
(.6,.85) .27 +£.08 .09 f.07  -.12 % .05

o (85,1) 7 b9 x 09 - 112,07 -.0L .05
2.3 _ (-1.,.7) .he'i .12 ‘;.11 + .10 f.16-¢ 09
: 07 ~ -.16 * .06

(e7,1) L9+ 10 0 .08 %,
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Table 12. w decay density matrix elements in the helicity frame as a

function of c.m. energy and production cosine interval.

E . .
C.IM. .
pey) - cosf Po,0 R W | vRe(plzo)v
'1,8 - (-1.,0.) | .53_t .13 .ok + io8 ©-.07 £ .07
C(0.,.5) .23 & 12 ~.22 % .12 .01 * .08
~ (.5,1.) Jho £ .12 .03 £.10 .12 % .08
1.9. ‘,_’(;1.,-.3) RTINS Lkt -1 s .09
0 (=3,01) .36 £.09 0 -31% .09 -.03 .05
(.1,.4) .18 % .09 -.20+ .09 .02 % .06
(.%.7) .15 £ .09 -.15 + .08 .18 .06
| (1,1 43+ .13 .00% .09 .07 £ .08
- 2.0’., "(-1.,-.5) S .38+ .1 -.07 * .09 ' ;.08 i_.o7-
(=23,.1) .23 £.09 0 -.36 £.10 . -.17 % .07
(L.l 0 08,10 . -.26 % .10 .13 £ .07
(B,07) .29 %.08 - 1k £ .08.__...20 * .06
(.7,1.) .60 .11 .19+ .08  .OT £ .06
2.1 . (-l.,-.2) ' ;15-i‘;10' S Lok o+ 11 =.06 + .07
L (=2,.2) .20 £.09 .26 %.10  -.05 % .06
(.2,.6) S .12%.10 - -.07T % .08 . .16 % .06
(.6,.8) ~ h2+.,10 . .18%.08 - .15 % .06
(.8,1.) W43 + .09 .08 .08 .12 % .07
2.2 (-1.,0.) - .17 % A3 =36 £ .14 .ol + .07
' (0.,.6) .13 %.12 0 -9t .12 0 .15 % .09
C(+6,:85) .33 :.0T .12 £.07 - .10 .05
(.85,1.) . .5 .09 - -3 :.08 .0kt .06
2.3 (-L,.7) .30 .11 -8 :.12 .09 & .08

o (T1) W3 :.0 L5 £.07T .15

+
(@]
.’ O\
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Ao in Jockson frame’
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Figure 55. bo o forw decay in ‘the Jackson frame; the curves are
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R, in Jackson frame
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o Figure e, p Ior W decav 1n the Tackson frame ’ the curves are
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‘ﬁthe predlutlons of the p exchanae model w1th absorptlon for hT»: GV,
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A, in helicity frame
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Re(g‘o) in helicity frame
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D. An Attempt to Describe the Reactionn n-sw p

‘Using a p-Exchange Model with Absorption

v,.The,forward peaking of the production cosine distributions;of_'
Figure 5hﬁat the higher c;m._energies suggests'that.in this energy
region, say for E m; 1. 9 BeV a descrlptlon of" the productlon.
process might be obtalned in terms of particle or Regge pole exchange

' Flvure 61a shows such an exchange dlagram in whlch the exchanged par-

ticle is the p meson. In fact, the.uppervvertex of the figure.showsv-

that the exchanged meson must have I :'l, and of the four I = 1 pos-
o» P), n and A, have the incorrect G-parity. The

_p meson has a. lower mass than the B meson. and mlght at flrst consi-

.sibilities (%, o, A

deratlon be expected to contrlbute more than the B.
The postulate of p exchange as shown in. Flgure 6la leads to the

conclusion that _ jv-:t,, _‘t.‘ - msmh S

Po,0 = Beleyg) =0 (VLD

*in the Jackson frame;f This'can be seen easily as follows:. In the
Jackson frame the w is at rest, and ap and a n_ (the beam) come -
together from opposite dlrectlons along the-z-ax;s to form the w.__.
: + P - P L P - '
The = has J° = O, the p has. J° =1 , and the W has J = 1., so to
satlsfy spln and parlty conservatlon the p and n+ must be in a rela-

-+
tive P—wave. Now because the p-x _relatlve angular momentum has no

component alonb thelr line of fllght (the z-ax1s), the P-wave angular |

» momentum functlon mast be“Yg 1n the Jackson'frame. Th1s angular

momentum is. added to the p spln wave functlon to form the w spln. But

~since Y?,,the P and the w all have spln 1, only the +l substates of



3
vV
€

. “Figure-(l. a) p-exchange diagram as a mechanism for e 0 of TR
. ) - -._ - . . . L . i > ‘ ‘ v .

""" b) p-exchange diagram with absorption as a mechanism for r ' n WP

SR X:BL"697-8'89,‘.‘-     e
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the'w'can be populated._‘(The-m = O_spin'substate-of the p, when added

0
as an angular momentum w1th Y

1, does not couple to spin'l ) The fact

that nom =0 substates of the w are populated then implies equatlon
(V1.5).

Tt is clear from the nonvanlshlng values of po 0 in the Jackson
frame 1nsthlsiand other experiments that the simple p-exchange process
discussed above does not agree_with the data. A way around the diffi-
culty is‘the inclusion of absorptive corrections; that‘is,bthevlnclu_

_ sion of diffractive scatfering of fhelinitial-.and final-stateﬂpar-
tlcles along with the p-exchange. ThlS situation 1s drawn in Flgure
“61b. J. D. Jackson and his coworkers have developed a theory of par-
.ticle exchange,-lncludlng the effects_of_absorptlon;v reference 69v18
a 1ist of papers expounding the theory'and summarizing its comparisons
-w1th many experlments The 1n1t1al- and flnal—state absorptlon
(dlffractlve scatterlng) not only change the value ;;'50 5 from that’
expected accordlng to:s1mple p-exchange, but also‘predlct productlon -
angular distributionsvnarrower fhan:those predicted by*the'p propagator:'
factor alone. A'v' | | |
| In essence, the two diffractlon scatterlng processes indicated in

Flaure 6lb each contrlbute to the overall process with a phase Shlft’

8(s) given by
- S Y- o :
23 T - . : :
¢ 1‘5(2), -1 - c»evﬂ , - (_VI'6)
where, by analogy with diffraction scattering on,a "gray" dise, C
wives the "darkness" of the disc (0 - 1 means an.opaque dlSc, C =0

means- ne disc at all)g'andiy 2/k R2,'where k 1s the partlcle momen - )
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tnm, Ris the radius of the diffracting disc, and 2 is the'anvularhp
momentunm. The parameters 7 and C are known for the 1n1t1al-state
iscattering (n n scatterlng in our example), and for the final~state

'scattering the standard ch01ce69f of parameters is C_= 1, and

<D 7.

7fina.l initial®

A fit to the reaction-n+ n-wrpat ourﬁc m.venergies using a
P exchange model with . absorption has been attempted.7O With the ab-
sorption parameters 7 and C fixed as stated in the above paragraph
fits were-trled for three values of the ratio GT/GV, the ratio of
tensor to vector coupling at the'pnp vertex;69c The model was>compared
td‘thé;&éta of this report for G /% '= 1,.2,‘and 3; at all of these
values. the agreement is 1n general poor, so that no more detailed
fitting was attempted. Although vector meson dominance of the nucleon_

69c

form factor predicts GT/G = 3. 7, ‘thlS value'was not trled since:j_
the agreement between the model and the data, where present occurred
vfor a ratio of 1. |

The total Cross section for this reactlon cannot be described by’
vthe model since the experimental cross section drops after reachlng
a peak near threshold (see Figure h5b) whereas the model’ predicts a
Cross: section rising uniformly with energy from threshold. In order
-vto ignore this ‘basic discrepancy between experiment and’ the theory,‘ o
the differential cross section curves predicted by the model have'pia
been normalized to have the same area as the histograms of Figure 62,
_which shows the differential Cross section and. the theoretical curves:'
for &T/UV _ .f‘vThe curves agree w1th-the experimental_production>

' distributions onlybfor Ec n 2.2 and 2.3VBeV; The curves in Figures
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’Figure 62.' W prodﬁction’¢oéine>distributioﬁ§ fdrAsix 100 MeV-wide .
C.M. energy inﬁervals;i}fhe shaded events‘ére added,ﬁo account for the
'éfféct»ofathé Péuli ekélﬁsion p'rbinci_ple_..j The curvésfa}é the-pré&ié-
tions of the b-exchange moael wiﬁh»abéorption; fhé&lare'normalizéd:,-’

- to -have the same area'as the histograms.
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'55, 56, and 57 show the predlctlons of the p exchange model w1th ab-

'1}7sorpt10n for- the W decay den51ty matrlx elements. The value GT/G

v;tlt ylelds a falrly good flt to po O:' However, the agreement with"

- Pl i and Re(pl O) is poor, as 1t 1s for the other values of G /G

ment have been met by other authors.lg, 180’ 2OC’ 21d

An attempt to understand the reaction n+ n - @ p in terms of a |

‘Regge pole-exchange model 1nvolV1ng both B and p tragectory exchanges

has also been attempted by some authors,12, 180’ 2ld

successtrr;i"

‘ was selected for graphlcal comparlson w1th the data prlmarlly because S

' Slmllar dlfflcultles 1n comparlng this p- exchange model w1th experl-'jlb

ﬁlth 1nd1fferent.



in parentheses are the values used in the beam momentum averaglng
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" APPENDIX A

DETERMINATION OF EXPOSURE SIZE

‘Threevindependent methods were used‘to»determine‘the-size‘Of the .

“exposure at the eight incident pion momentum'settingsgp'z_1.10

(1.119 + .01119 and 1.086 + .01086), 1.30 (1.301 + .01301), 1.53 =
(1.525 + .01525), 1.58 (1.584 + .01584), 1.70 (1.70k * .01704), 1.86
(1.856 + .025 and 1.868 + .01868), 2.15 (2.160 £ L0216 and 2.140 +

.oelh), and 2.37 (2 360 ;’.ohh5 ana 2 384 + .oho)'Bev/c. The. numbers

Method 1. Direct Measurement of Path Length

- sides of the chamber were measured on a. Franckensteln measurlng

I averafe lenwths.

(o4t

In a speclal scan of the fllm every 25th frame of 10 rolls of

film at each 1n01dent momentum was scanned notlng the number of beam .

’tracks entering the‘chamber (:.Nb),;the numbervleav1ngwthe-end of the .
. chamber without interacting (£ Ne),:the numbervleaving the sides of

‘the chamber without interacting (='Ns); and the number having some':

interaction in;the bubb1e~chamber (= N ) N is corrected for an es-,

. timated lO per cent of 1-pronged events missed due to the fact that

thelr scatterlng angles were too small to be detected. - Then at,each '

‘ momentum a number of tracks 1eav1ng the end and a number leav1ng the

machine to detenmlne the1r average lengths, z and z s’ respectlveLyr

Table A 1 glves the. number of each type found in the scan, and thelr

: Sincefthe interaction length ¢ in the bubble chamber is long

~ COmb, s0 4 ¥ (1 ft-b)/oO mb ¥ 16 ft) compared to the lemgth -



.5_129_]_ {

Table'A.l. Results of path length scan and ﬁrack'length‘meééurémént. o

EREN Sy N o R
o (Bevfe) o b s el s

1.10 2_569f '7 __756 '-111161 | ' 156.9, ‘: 152;”

1{36  !* 2522 780 37k 'v'”153,6' oo,

155 . 38&]- ._i 6hd '_f.}891f,2.115h.1 ' ieo;’

s 237,1‘:i7'972“}:' f 9é9' 1548 TN
_1;70 _ g N | .

186

672 1156 33 155.8 1o
b3 1oMk 179 1535 13,

2.15 3705 108 9 1528 121

L A e

2.37 3016 82 89 1LY 106,

¥ The‘error in:2e~is typically 1 per»cent.'f

o+ Theierror-in7zs'is;tYPicallY_5jpér.céﬁt;;m--'~~f3f?wwiﬂ
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of the‘bubble chambers(256 ft), the average length of tracks inter-
- acting in:the bubble chamber will-he taken to ‘be ze/é dr l the‘effec-i
tive lengthlofbthe'chanber; i.e. the beam is not apprec1ably attenu-,
: ated in pas51ng through the bubble chamber, and the 1nteractions are
distributed randomly along the length of the chamber. This Can be
calculated ‘as follows,.us1ng the fact that the probablllty of inter-

actlng at a. dlstance x is -d(e” /zo)/dx (e x/zo)/z s

H

<p> average“length of interacting tracks

f ﬁe (x/2) %o ax
o )/ Lo
' foe' _ (1/20.) ev-x/zo ax -

- ze/z — t 4
v 1-e"e"0 K
Since £, > Loy © © 9;;h1 * Jee/zo *-(3e/ﬂo) /2,
. | _ 3 26 o o .lll_l-lw,
< = — — gy = g2
o 1+ ge/2go _

The path length in the frames scanned is thenl

”Ls = N e t N L+ N, z /2

-

'(N - N. - N )g + N s + N.ze/z 1

(N - N, /2 - N_ )g + N g

IJTable A 2 glves the results of thls calculatlon of the path length.

‘:Method'2. Indirect Determinatibn-of the Path Length

In thls method of estlmatlng the total path 1ength the total
. _n d Ccross sectlon as measured elsewherejh with hlgh prec1s1on is *i"

d1v1ded 1nto the total number of events estlmated to be on the film,



|  }151€  “’

-_Tab1é7A:2,v Results of direcf-meaSQrement’of;path length. - -

path = path. - number
- length  length ~ of ) o
" Pp - .in scan -per roll - rolls ~ total path length-,

.(BeV/éy‘v £JO6 cm) :(106 cm) : S ;(106 cm)-"(év/ub) '

.10 . .3%0 . .825 16 13.20 .50
' fi.3o'  ‘”;3i9'.”:- 197 15 5 »v11,96 'd_f' A5
153 _":.ui1:~_' f1;dé97- 69 70.98 1'“;f2;70‘
o 1.58 ,uoyi Cnoos 13 13.121'5.':‘.50 |
:1.76:;".  RCE 1.177i '."68‘3f_1‘81;24' 3009
-1.86”;1;- ;ﬁéﬁ" ,g i.152 1--:=71‘.:_ 80.35 -13:05""
.2._15' S "’-.'us‘;; _- 121 S0 Bk7B 3.2
237 hog 1005 ‘ 26 | 2611; | : | 99 '
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using the relation o »

| path iengtht(cm) =L - .26.34106y(tota1 events)/o%ét (ub); o g N
Twodprocedures were used to estimate the'total number of events ond.
the film- |
a) In a scan of every 25th frame of 10 rolls of film at each of the
eight momentum settlngs,_the total number of 1nteract10ns were noted ' _ f 'f
as described 1n»method‘l, Extrapolatlng to the entire sample of
fiim, the numbers given in Table A.3 were obtained for the size of -
the exposure. - |
"‘b) ~ Using the scan mentioned in a) above, the ratio of 3- and 4-
bpronged events to all events was computed. Then u51ng the master
scan 1ist to get the total number- of 3— and h—pronged events found on
the fllm, corrected upward by 5 per cent (the scan 1neff1ency for 3-,
‘and Y-pronged events estlmated from a check scan), the total number -
of events on the f11m was estlmated and the exposure size was ob-‘,
b~ta1ned as in a). Table A.k4 gives a summary'of the procedure and:the

results obtained.

Method 3. Indirect Determination of the Path Length

- This method of estimating the total path length is similar to
‘that of method 2, but 1nstead of estlmatlng the total number of events '.”: : .

on the fllm and d1v1d1ng thls number by the total cross sectlon, here_:

we estlmate the total number of events flttlng the reactlons

o 2~ o) n‘fn‘f n o N .. o S pp .
—?(P) pr ox a° R ‘(A.l)‘ | [

: + -
(P pn 1y
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Table As3. Path length détérmination'using.n'+ d‘tOtal cross section -

f(method{a) ":f

BT T oo

110 7LO - Lk2x o1

1+

130 69.8 .01

07

oo

1.53 7L -2;57 

158 69.6. L6t .01

S

4 -

.07
06

170 665 2.97

I+

o iQ86.’ 6k o 2.92

o

T2.15  63.8 . 2.88

M

et e ke
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 ;“Tab1é A4, Path 1ength'détermination:uéing‘n+d totélf¢ross séction o

(method b) o

corrected% ratioof . ...
- no. of . mno. of. 3., L4- Do i |
- 3, b 3-, k- prongs . total'". . 34 -
p . prongs = prongs -~ to all - events Oiot ev/ub

o (mev/e) L ¢ )
L0 ksk 4 780 S5 32966 71O b6

| 153 _34_'977_ 36 818  _'.2<_>1';1 o 18(_)1_&80_,._ h 2.53 |
'1,58».._"""' 6585 6721 226 29 739 69.6 N .'#3-_'
- .70 ‘_hj? 111 15 380 226 ’26(3 796 665 - »3.‘(’537

L8 BE8  siar .em 18885 6h7  2.92

21 59301 ke 317 196915 63.8  3.09

2,37 18 h'017 : ;‘ ’19" 369_ 36h : "."53"3-12:‘1‘2. 63.‘?‘,}':; - 'Ev.8h R

% The correction is for an’estimated'5fper»cent'scah'inefficiency.1.13;
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(@ prt 7 (m),
_and divide this- number by the sum of the cross sectlons for the above
‘four reactlons The sum of these cross sectlons is known by charge
symmetry to be equal to the sum offthe cross sections for'the prOs
cesses |

T PN w n ' '
o - (A2)

o 1 (m), e
the Cross sectlons for whlch have been measured over the c. m;penergy
range of th1s experlment k2 see Table 6.

Before dlsplaylng the results of thls determlnatlon of the cross
sectlon, one comment should be made: For the events flttlng the four
i d reactlons (A 1), we tac1tly assume the- valldlty of the ‘spectator
model._ That 1s, we assume that one of the protOns in- the final- state :
d1d not part1c1pate in the reactlon, ‘even though 1n -many events both
protons have laboratory momentum greater than 500 MeV/c, which is the t
‘effectlve upper 11m1t for laboratory momentum accordlng to the Hulthen
‘wave function. The inclusion in th1s procedure of all events flttlng
reactlons (A 1) 1ntroduces some uncertalnty.

. Table A.5 summarizes: the procedure and the‘results obtainea.' No
results are given at the momentum settlngs 1. 86 and 2 15 BeV/c, s1nce |
no 3 pronged events were measured at these momentum values. The

errors on the ev/ub values are set at lO per cent wh1ch is the typl-_

_ cal experlmental error on. the normallzatlon cross section’ of reference'

2.



-136-
‘ Table A5. Exposure eize_determinatien:via,normalizétieﬁute

: reaétiohs (A.l).

. o R VN _

e LT ... - events in.lo%g'for o
B o B b.‘reactions,freactlons i L
-p o (A1) (A l) -~ ev/ub

(BeV/c) B © (mb) o

”‘,311 10 ) 4200 ];_11.3 ".37 £ .0k

130 b669  10.7 ¢ L

4

Ok

I+

.05

T

158 770  10.h 46

[

_e'2;15._Tf;37-156 122 3.05 +.30

M

237 010577 10.7- .99 £.10

HEAE * The number of events 1nc1udes a: correctlon for the pa551ng rates of)-
e 3- pronged and h-pronged events and for a scannlng 1neff1c1ency of 5

per'cent.
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Summary of Results

Table A.6 summarizes‘the results for the path length.found_by
the four procedures described above, - o |

It is seen that the last three methods agree with one another,
whereas method 1. y1elds path lengths whlch are cons1stently 5-10 per
cent hlgher than the values obtalnediby_the other methods. Thls is
'fcohsistent with an estiuate of 5-10 per cent of noninteracting muon -

‘contamination in the beam. 'Because of the above—mehtioned uncertainty -

- in method 3 due‘to the inclusion of evehts with fast sPectator protohs
| in the method the average result of methods 2a and 2b is taken as the
final values for the path lengths, these values are given in the last

column of Table A.6.

Corollary Result: Determination of n+d-Total Cross Section -

- As an additional result_from methodll, the direet measuremeht of
‘the path lehgthé we can coupute the total n+d cross section at”each of :
the momentuﬁ values from the number-ofvevents N found in the scan done
vfor method 1 above, and the dlrect calculation of path length L, via
_ the fonmula .'.. §
| F (ub) '.= 26.3-N/L1‘(106 cm).
iUsing Table. A.l column 3, to get N, and Table A.2, column 2 for the :
path length, we obtaln the results glven in Table A 7, along w1th the
prec1sely measured values of Carter et al.3h 1

Agaln it is seen that the presenoe of about'lOvper‘oent of non- %
iuteractiug muon beam‘eontamination_cduld‘aooount‘for'the consistehtly-‘

lower cross section values obtained in this experiment. =
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~ Table A.6. . Summary of results of exposure size determination.

© method  method method. . method ~ final
v P, 2a -2 3. - result . . ,
o (BeV/e) . fev/wb)  (ev/ub) - (ev/ub) (ev/ub) -~ (ev/ub) . .

CL10 w500 ke M6 3T bk

153 2.0 1- "2.57ffi, 253 ’ 2,h6 o 2.55
1580 M6 L 6 s
"1.'70..‘-   S 3.09 '2.97,:; RERC R -". o 3-00 | |
186 :s} f3;o5, }.: 2.92  ;f112,92 Rt ! 2.2
25 3.2 o288 .09 35 297
Cest e B R
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Table A. 7‘ 3 d total cross sectlon as measured 1n thls experlment

and from reference,}h

| Otot’ thls" tot?”
r experlment ref 34 _
C(BeV/e) _ (mb) . (mb)

S 1100 602 TLO )
'1..30 o _,:6'1;.3' | 69.8 |
CLss 665 ik
S8 633 ; ":_‘_6_9_'.'6‘
L0 6k s
186 " 60.7 6l+7
' :;_2;15 - 'f'55.8€ .  63;8   ::
37 sk 63;2 PR




-1L0-
'APPENDIX B

SCANNING, MEASURING, AND FITTING

The entlre sample of fllm was . scanned once for all 3- and h-_

) pronged_events._ A total of 128 000 h-pronged and 93 000 3- pronged '
events was found. A check scan of a small sample of the film reveaied
that the overall s1ngle scan efflclency for f1nd1ng 3- and h—pronged
events was 95 per cent th1s eff1c1ency was taken 1nto-account in
computlng the total path length of our exposure (see Appendix A)

Of the events found all but the 3- pronged events at beam momen-.

’tum.settlngs 1.70 and 1. 86 BeV/c were measured using Splral Reader R

71

- measuring machines I_and II' ~.of the Lawrence Radlatlon Laboratory._
These new measuring:machines‘afford an order;of-magnitude increasevin
u'measuring speed over‘the-oider Franckenstein'digitized.microscope"
vmeasurlng machlnes, w1th comparable accuracy.?2 The average measurlng
- rate for the events descrlbed here was 80 events per hour.

The measurements vere converted 1nto track coordlnates by the
vfllterlng program POOH. The track coordlnates were reconstructed 1n
, space and flt to. the event hypotheses llsted in Sectlon II by the [‘
3

jstandard Alvarez—group program package TVGP-SQUAW. As an added fea-,,
’~ture in the flttlng of the events, pulse helght 1nf0rmat10n on the .
A tracks from.the Splral Reader was used for each klnematlc hypothes1s
~to do a. separate flt to the expected bubble dens1ty of all tracks..j'";
ThlS procedure was 1ncorporated 1nto SQUAW w1th program.BUBBLE.7u
. About 67 ‘per cent of the first-measured: events f1t some klnematlc

:'hypothe51s. All events falllng to f1t one of the p0531b1e hypotheses v

-i>were remeasured on the Splral Reader, and about hO per cent of the
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second-measured events then had a successful'fit. As a result of the
first and second measurements, over 80 per cent of all events had a
successful fit after a total of about 2&0 000 measurements of 182 000
eventsr’ Table B;i gives the‘numbers éf'zé and h—pronged erents found
>at the different momentum settlngs, along w1th their pa531ng rates
- (fraction of the events flttlng one of the hypotheses of Sectlon II)

AAuspecial.procedure was applied in the fitting of 3-pronged
events; these are almost entirely events with two protons in the final
state,.where_one of the protons; the spectator; hasbmomentum so iow |
that no visible track is produced. Therefore.in fitting 3-pronged
eventS'onlj,hypotheses with at least one . proton were attempted;
| the momentum of the 1nv151ble track was set to zero w1th errors
Ap = 30 MeV/c, Apy 50 MeV/c, andgép = % hO MeV/c. The 1arger~
~ error on the z-component of" momentum reflects the fact that a proton
I”mov1ng ‘in the plus or minus z- d1rect10n (along the llne of s1ght of
the camera) is lesspllkely to be_seen. The errors give an expectatlon

value of momentum magnitude roughly‘equal to 60,MeV/c,jthe'va1ue at

. which the Hulthén distribution of spectator momentum has its peak.

After completlon of the f1tt1ng process, most events were found
;to have a successful it to more than- one hypothe51s. Selectlon of
. the correct hypothes1s was performed by the program CREE'-(5 a.version
of the program.ARROh adapted to the needs of our 3— and h-prong hypo-'

thesis: separatlon. ‘The ch01ce of the most llkely hypothes1s was made

by constructlng the empirical functlon

‘ . - ) — R Al
} ' (Xkln kln * 2(xion _hion)

und_selecting the hypothes;s w1thjthe‘lowest'va1ue of R -as the :
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Table B.1. Numbers of 3- and b-pronged events found, and: their

' passing rates.

numbef:ﬂ‘B;prdng‘f ;number:‘_ h-prong.
, ~.of - pass . of = . pass
P ‘;5-prong5‘;--rate_:'.heprongs‘-b rate - -

(BeV/c)  ‘ .
i 1.1ol ez W& 22160 .79

13 2559 .86 f;2_808 | ; ;8&7 
© 153 16w8 .8k 18829 . .80
.“*;ﬂ.ﬂl-58  ,_f.2.87o : f ;83’ : 3 515 ' :' ;76' =
170 wB% - oo .8
f;;il;sé  _ f2Q}5o3r f;t -jzf_  28 115‘”f _1483.‘,
v",‘_2515:1f523*539,g ’f }8§:-Lf'55962.-:' 1,80_' |
':fi:-z,i??} . .72655' ffﬂf.87:_” 1i'5h8;f_":;éé i
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"correct” choice. Here

v.xiin ;"ehi—squared for the kdnematic fit -
Cpy, = mumber of constraints in the kinematic £it
on = chi—squared for the track ionization fit
son = number of constraints in~the track ionizatioh.fitv

bThe quantity B stahds for the."badness" of the fit; it increases with
increasing X? and is reduced as the number of constraints grows larger.
This has the effect of biasing in favor of fits with a 1arge number

- of constraints. Sinéevthe humber of.kinematic constraints in the
hypotheses of Section_II is either‘O, 1, or h,xit is.elear that the |
_Selection of the hypothesis with the lowest ualue_of‘"badhessﬁ Wiil
greatly brefer héconstraint fits to either of the other constraiht :
‘classes. . The contribution of the 1onlzat10n fit to the "badness was 3
.welghted to be one-half as 1mportant as that of_the_klnematlc flt
:‘note that since all hypotheses have the same number of constraints in

' _the traek ionization fit (i.e..they all have the'samevnumber of
charged tracksj, the cohstant multiplying.C' on is taken to be 1.

- This procedure of ch0051ng the hypothes1s w1th the lowest value of B
was found to be preferable to that of* maklng the selectlon on. the
ba51s of the hlghest confldence level (regardleSS'of constralnt'class).
The latter procedure was found not to express the fact that a fit to

a hlgh-constralnt number klnematlc hypothes1s 1s llkely to be the

best ch01ce,'even’1f a fit with fewer cohstraints is obtained'having:

. a higher cohfidencetlevel.' Therevwere two exeeptions'to thetselection
method descrlbed‘above~ - |

a) If ‘an event was found to flt best to the flnal state PPTW fn'vyl



C=1bh-

. R + - o +.-_ . . . . ) .
and second best to ppsn n n orppan =n , the second best fit was
taken as the correct ohoice. 'This.is because the final state
‘PP % y arises only from the reactions

+ .
n d->ppn,
. 4
n-—>x x 7%
. ‘ ) ‘ + . '.
or n d-7pop n'(960),
| . n'_)n+ﬂ-7
and gives rise to only a_few hundred events, as concluded from other
n and " decay modes. Because there are two orders of magnitude more:
events from the final states p p 7 7" 7% and ppxt n , and because
our mass resolution is‘such that we cannot discriminate .very welil;
, . e S - T ' 4+ - O ' o+ -
between a m1331ng 7 and a missing n , many pprx x n. and p P« S
events were found to flt best. to PP n+ n 7, as ev1denced by the o
~ fact that the n+n Y mass spectrum for these events (assumlng that the
m1551ng neutral was a 7) showed a strong w peak for~events w1th

PP n+ nffno second best and a strong p peak for events w1th

o] p'n+vn-vsecond best., By only taklng those events as p p n+ L

f;events when neither p p n+ T 'no-nor P p-n+'ni 1s the second best

fit, a much smaller and cleaner sampletof"p p,n+‘ﬁ- 7’events'wasl

~ obtained.

b) Events with a best fit to pp ' =, p'p‘n+ 1%, orppx w 7‘h

' en T o ' ; L
and a second best fit ton p‘ﬂ T N 0rPpIrN w- (mm).were found to
have a poorer spectator proton momentum dlstrlbutlon than the whole

sample of these events. It was found that these events were mostly '
the final state:(n) P n+‘n+ T, where one n+ in the final state was
misinterpreted'as a proton; the (m1s1nterpreted) upectator proton

momentum dlstrloutlon then had the appearance of the n+ momentum
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sneetfun‘inithe’final stetéf(n)jp.n+‘nfn+{ in ﬁhé'few hnndredhcaSesh
‘ 1n,wh1ch the three flnal states mentloned were the flrst ch01ce and |
:n’pun+'n+ xf or p n+ ﬂ+ ks (mm) was second the order of the choice
 was reversed as in case a) above.;ﬁ_ . !

76v>

:J‘:n Use was made of the program PHONY in generatlng Monte Carlo
'; events to 1nsure that maklng the two exceptlons llsted d1d not mls-'
ass1gn more events than the number correctly a551gned.

The m1ss1ng-mass and confldence level dlstrlbutlons of Sectlon ..

v o II show the valldlty of the separatlon of hypotheses dlscussed here.
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APPENDIX C

Cc- INVARIANCE VIOLATION IN 1 DECAY

Consider the decay n, - = x 1°. C is ‘the charge-oonjugation-
- quantum number, and P is the parlty operator. Since C(n) =+ and
C(n ) =+, then C(n P ) +. But for a splnless boson-antiboson palr,

'CP is the exchange operator, and hence CP-_ +. Th1s then 1mp11es

" that P(n n.)': +o Now P(n 7 ) ( ) , where ¢ is the relative angular )

momentum of the two charged plons in thelr rest frame, so ¢ e even.
ThiS»means that the angular dlstrlbutlon of'the charged-plons decay
~direction in their rest frame, with respeet to their‘line'of flight ?
(whieh is'the.direetion of‘the'vrecoiling'no in the 7 rest frame),'muet
be symmetric.v This ie-becaueevthe,amplitude is a sum of;Pz(cose),i

- with ali z's even,'and its squarevia symmetrio in cos6.

Th1s says that for every 7 kinetie energy, the-'rr-'-'---n9 invariant
-.mass (whlch is proportlonal to the T klnetlc energy in the n rest
frame) must be dlstrlbuted like the'n no,lnvarlant mass (whlch is.-
proportional to the:n kinetlc energy), eo that there are as many
n+'s w1th klnetlc energy greater than ‘that of the 1 as vice versa.

Thus the Dalitz plot, which has its x-axis proportional to .

T(n+)'—‘T(n_), must be right-left]symmetrio if C is conserved in the .

'decay.r,h

For the n+n ¥4 decay of the q the argument is 51m11ar, except

‘vthat z may only be odd, and the square of a sum of P (cose w1th.g_ :

" odd 1s agaln svmmetrlc 1n cosO



--1&7-"
- APPENDIX D
o 1[+ n' ) p: FORMALISM OF A REGGEIZED A, -EXCHANGE MODEL

WITN VENEZIANO-TYPE RESIDUE FUNCTIONOI'

The matrlx element for n-nucleon scatterlng, wrltten 1n terms of

"the 1nvar1ant amplltudes A and B, is
M o= -A+ -iy_-‘(q.' +q)8, . (D.1)
'where 7 -are the Dlrac matrlces, and q and qf are the 1n1t1a1— and _; S

'final state h—momenta in the reactlon Ca m.77 The cross sectlon becomes».A
£ié»’-’(’.ml'S‘/Bé.lv‘é).. — _232( : 2{ IB-A - kcoseuB
dt- T T m s l

KVPSlnG Bl } . ;j:,”_ 7e (D.2) f . :i

"where;u=' ' e-e"'* ' 1'_.- 'H ’:" v sl

uzu S

: t channel ‘meson momentum'

JMZ - t/h

'1‘-% t- channel baryon momentum."

: u' .

: The_t?channel reactlon 1S'n q-e n i, and'M%isfthé‘nueleon.mass;i o

'1eosa£ is the t-channel scatterlng angle, w1th

l&pkcoset =‘fsvf,u'::3_

'“The:cross sect1on=becomes-“"7

5..1-d3_.ﬂi”;3895eA. - . s - u.2; k?t
”faz .f f'?,s”_v _{jﬁglAl * [( );:'.hM?]IBI

-'_'(

)Re(A B) } - (D3) R
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and for angular distributions, of course

do ' ~ do .. | T
d(cos@) aqiqf a0 o . : _(D'h)
In equations (D.2)-(D.h4), q and q, are the initial- and final-state
3-momentum. magnltudes »

The A and B amplitudes are given the follow1ng Regge representa-
tion, which expresses the expectation that the process is dominated

by the exchange of the A, meson pole, as is drawn in Figure L7

2
A (BevTh) - aof(ll;_a(t))(l +'e’i#a(t))(b:5)a(t) . (D.sa)
B () - 501 - a®) s T o)

The function a(t) is the trajectory functiodvof the A2(1300) meson;
with the linear form |

Lo (1) = 2 4 be(t- 1.3y (D.6)
, e ' o o } > s . Ny
The expressions for A and B take on a more-familiar Regge form when

the identity

T1-a) = El_rrrm_&ﬁl_c_17 DR (D.7)
is noted. This shows the presence of .the usual (51nna) pole terﬁ
expiicitly. a0 and bo‘are real:eonstants that_glve the amounts of
the terms A and B. L o |

It will now. be demonstrated how equatlons (D 5) arlse from the
Regge 11m1t (s »m, .t flxed) of Venezlano expre551ons for A and B,
and, further, how the Vene21ano parametrlzatlon dlctates the values
 of the constants.b; b', and bﬁ in equatipns.(D.s) and- (D.6). ‘

'Veneziano expressions for A and B can be written as
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so- e[ Groenondoo ¢ Gowsa-ndew
| | + (% - u)B(% - u;% - c)] ‘e - -~ (D.8a)
5 - v [ea-nieo) - sa-ngow] 0 ()

Here.B'is the symmetric'function
B(x,y) = TINy)/Mx+y) (D.9)
"o, T, and p are, respectively, the s-, t-, and u-channel trajectory

functions, that is, the trajectory functions for. the poles domlnatlng

~ the s-; t-, and u-channels.

o(s) = o +bs .  (p.10w)
wu) = o #ba . (p.20D)
T(t) = T, + bt . (p.10c)

One of thé requiremehts of the émélitudes A and.Bwiglcrossing symﬁetfy:
As,tu) = Alwts) 0 (nia)
B(s,t,u) = - B(u,t,s) o s _f (D;llﬁ)
The amplltudes A and B are constructed to satlsfy these requlrements,
which they clearly do, and that is why o and p are the same functlons
.of;thelr‘respectlve varlables.- thc u- and_s-channel tragectorles 1n |
-this‘simplest'Véﬁezianc-type represenﬁatioh afe>the”same. (For.a
comp1ete discﬁssion of the similar cxémple cf.ﬁ‘N‘;Qﬁ'N, éec:reférencé
ey o | S
| 'cItﬂwiil now bg‘showﬁ that the'veneziaﬁo-amplifuces (p.8) exhibit
Regge behaviéf in the limit s;a'm %) fixedQ_ In taking this'limit'
the s-tragectory is glven a small p031t1ve 1mag1nary part o (s)

 (such that o (s)/s-a 0 as s - w), in order to keep the term F(— - o)
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, f1n1te as the. real part of g goes through p031t1ve half-lnteger

V values, as'lt does in the phy51cal reglon.' o (s) can. be taken to be,-

e.g;  1 L ;_b' I (5) = const. \!s " ®threshold ’
"1t is to be understood as. the wldth functlon of ‘the s channel

:resonances.‘“

© Now go. to the Regge limit. In this limit,

Cesws o (naay
Cm-=bs o (D.12v)

Ae;T_z__constant,y . :e,*, "“ f (D.12e)-

; 5(1gnor1ng the 1mag1nary part oflc).' The secOnd'ofjthese limitsvisji_

' *true because of '

R T IR CEL VI

1

Ctms @ + i

: The flrst term 1n the express1on for A becomes, u31ng equatlon :

"(m)

\31nn(3/2 —;T -‘c)if(. i/é'; +7+'c).
31nn(1/2 - o) : P(1/2 + o) ‘

”:.a (-bs)F(l -

 -%1’a (-bs)F(l ; -r)[ cosu(l --T) +. cotn(1/2 - c)°s1nn(l - T) ]

--F(- 1/2 + o+ o)/F(1/2 + a)

Now

P(#)/P(y)'eéf: (‘ y) for x, y large, and x - y Ky ks V(D,lh)ie':

 as can be quickly Seen_aftersnoting thati

D(x) = (x - 1) for integef x

vl e e 00y



BECII
-Tﬁe’tefﬁ-undéf;édnsideréfioﬁ'is'thgn appfoximétéi&
ao(_bs)p(l o T) [ cosy[(l -T) + cotn(l/2 _0)51mr(1- T)] (% o T-l o

'ibNdw bgcausetaf:fﬁe‘pfégeﬁcéiéf &i;v' .. B |
o :‘7-'c6tr?(_l/2, - 'd)'—é-_i.g'sfs; - o,
. énd5ﬁheiterm15ééomes . v v-
B (TS L ¢ )
i.The_éécond terﬁ iﬁ.(D;8a)-bé§omeé,xin-the sdmé 1iﬁit“: |
a (— - u)B(l -,T,§ - )

->a (bs)I‘(l - ek -m/f(?-.f Swo

~<mf‘;

a (bs)P(l - T)(—_- SETET) L
“;;aI%l-T)ﬁs) .;'_ff j  :  l_,;f?f;(njEf 

vv , The thlrd tenn in (D.8a) goes as.~: i

r(— - u)I‘( . ¢,>/t<e:-; w-0)

PR S PR
F(const j'F( 1/2 + o) sinn(3/2 -»dy e

i _,.;ub . B - s
. using 6D,l§b)'and~(D,7); and'henge.approachesbir ;

::const (- i + 0)2 - u /51nﬂ(- - 0)

- go_n'se. (- 14 _¢_>vc°nst°/sin£‘<-§ “o Lo f_' <p_4'17-> N

o _51nce the 1mag1nary part of o makes the denomlnator go to 1nf1n1ty

“,?vexponentlally.H Addlng equatlons (D 15), (D.16), and (D 17) shows
gthqt LT | | |
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Slmllarly B becomes

o B-“-‘:—) b P(l - T)(l + e lmr)(b )'r 1
in the Regge llmlt.

Comparlnc th1s w1th equatlons (D 5) and notlng that T(t) = a(t)

'1t is clear that the Vene21ano formula is 1ndeed constructed to glve
» Regge behav1or in the Regge 11m1t w1th a re81due functlon of -

P(l —'T) It is empha51zed that the Regge behav1or, 1nclud1ng ‘the

: proper s1gnature factor,_holds only when the slope of all the tragec- o

'torles,ls the same., Hence the Vene21ano representatlon prescrlbes

not only “the - re51due functlons, 1t also requlres that in equatlons

i b?’% ?{n % ebﬂ; L Efmfnwe;g;__ﬂ;mc;: (b-l8)’:q

be the unlversal slope of all partlcle traJectorles,vwhlch 1s taken

b= 1Bev©®

 from experiment
The Venezlano representatlon 1n the Regge 11m1t thus leaves only

= the constants a and b to be detenmlned by a flt to experlment.
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~ APPENDIX E
" NOTATIONS
Below 1s a 1lst of notatlons frequently used in thls report.

total energy

3-momentum,'with components px,-py;fpz;i;

- (p,E) = h-momentum :

'Pl'pz,; E.E, - pl p2 - 4 vector dot product

12 T

JE?vef32'= mass'of a.particle or System‘of partieles

L‘For the reaction

meson(l) +. baryon(z) o meson(}) + baryon(h)

the Mandelstam varlables are, in terms of h-momenta

s

t

si-fé -Fe

<pl+p2>""=':< by + 0,)°
(Pl - P3)2 = (p -.ph)2,7
’( .- Ph) .%‘.._v(p2 p3)2 R

a21mutha1 angle 1n a spherlcal coordlnate system

polar angle 1n ‘a spher1ca1 coordlnate system f

normal to the productlon plane in a- reactlon w1th a two~body or

'] qua51—two-body final state

(beam) x p(outg01ng meson)

The conventlon.c ; 1 1s often used where c 1s the speed of llgqt.
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APPENDIX F
THE SPIN DENSITY MATRIX-FOR A SPIN-1 PARTICIE"

AND ITS DETERMINATION USING THE METHOD OF MOMENTS

Familiarity with the baéic theofy of thé_spin'density métrix68
will be aééumed»in this discussion. Thé decgyvof é 1 péftiéle into
| two pions or into fhree ?ioﬁs68_gives'a decay anguiar diétribution"
with the general form |

| We,0) = 5 ™ ¢ ; _. R (F.1)

m,n myn 1 71

.this_is the distribution of the pion line of flight in the‘former case ,'

‘and of the normal to the pléne of thé three pioné in thé latter case{

Restrictions on the form of the decay dlstrlbutlon are supplled by the'_

hermiticity of the sp1n dens1ty matrlx and by unltarlty*

o1t Po,0 *P1o1 = I

Turthermore, conservatlon of parlty in the productlon process 1mp11es,' 

69b

when the quantlzatlon ‘axis 1s in the’ productlon plane, that

}p ="(-)m'np . o | ;. j.' (F 3)‘

m,n ’ -m, -0
Application of hermiticity and the conditions (F.2) and (F.3)‘yield"

. o R,

9 3.[ L 2 1. \ a2 S . 2
J = . -— T - - .
w(e,o) = o pO,OCOS'e + 2(1 .po,o)81n 6 pl,_IS}n 6cos2¢

- xéRe(pl;o)sin29cos®] ERE __   (R

Turthermore

0,0 * %1 = b o5

andApO,O’,gl,lf and'pl,fl are ;ealﬁ,
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Using the Spherical harmonics, equation (F.h)'can be rewritten as
s o1 Re(pl O)Re(Y ) : | (F 6)

Note that W(Q,Q), 1ntegrated over all angles, is1l.. It can be easily '

- seen that the functlons
0o _ o : o T . -
Y, Re(Y;l), Im(y';‘), m=1, 2 wee,g | (F.7)
"are an orthogonal_set.ef real functions; they are more useful than
the complexvfunctioherm»for expanding a (rea11)>decay distribution

. like W(G,@)., Since the functlons (F.7) are orthogonal the expans1on'

'f coefflclents in the expan31on
W6, o) - a2y 4 . T Tm(® © (F.8
w(_e.,cp)r_ L+ z=l[az¥z + m:1( Rszg(f;‘)_+ T, m(Y) A)]. (F.Q)

are given by the moments expressions

'agv =,‘<Y2>:- ;  : ) , ., ‘;- | ‘> t (F.Qa)
o ;‘ g{Ré(i$)>;» o ;.‘ L'.‘ a ::.gEf9B)
Igm = 2<m(Ym)> o S o '(F.‘9c)

_Here, e.g.,-<Y§>'means the average of Yo over w(e,p). Cemparing
o (r.8) and (F. 9) with (F 6), the equatlons (VI 3) for the den51ty ma- -
 tr1x elements of the decay W = n+n no are obv1ous, the factor f in -
equatlons (VI 3) accounts for the fact that the w decay dlstrlbutlon
does. not 1ntegrate to 1 but to £, the fractlon of w events in the

sample.
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