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elements are inconsistent with the predictions of a simple model which allows
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0 . . ' , .
A study was made of the w spin-density matrix elements in the

- 0 : o .
reaction 7 p~w n. The data were collected using a combination of scintillation
= 4 - ] . : .
™ p-m 7 yyn. Incident pions of momenta 3.65, 4.5, and 5.5 GeV/c were
produced by an internal target at the Argonne National Laberatory Zero

) . - 0 . . .
Gradient Synchrotron. The values obtained for the w -spin-density matrix

for Reggeized 'p(765) and B(1235) -exchange. . '
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1
L. INTRODUCTION
An.investigation.of the.rgactioh
- o : .
T pW n o | : - @

was carried out at the Argonne National Laboratory Zero Gradient Synthqtron
using optical spark chambers and scintill;tion counters. The purpose:of this
experiment was to obtain the differential cress section, dg/dt, and the
experimentally accessible"wO spin density matrix elements over a significant
range of momentum transfer .04 = |t| < 1.0 GeVz/c2 fof several incident
beam momenta (3.65, 4.5, and 5.5 GeV/c).

‘The reactien Iolf-Has several properties which render ig‘amenable
to theoretical analysis. In any peripheral model (we have in'ﬁind a simple
Regge model), conservation of isospin and G-parity restrict‘the nature of

. + o . '
the exchange system. In. particular, at the T w vertex in the t-channel,

qu=.l+o 0f the known,. low-lying mesens only the p(JP =1, M= 765 MeV/cz),

+ .
a vettor meson, and the B (JP =1,M~= 1235-MeV/cz), an axial-vector meson

+ .
‘have IG =1, and thus are candidates for the exchange mechanism,

1f we work in the t-channel helicity frame (the coerdinate system

.of Gottfried and Jacksen ), pafity conservatioen impoeses restrictiens en the

, , . . : . Y - S
exchange amplitudes which are easily expressed in terms of the w spin

density matrix elements and can be used to establish the existence of some

unnatural parity exchange, i.e., B exchange. G-parity conservation in this

%
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coordinate system alse imposes restrictiens en the B.contribution.,

Reaction 1.l is well-suited to_optical-spark chamber and counter

‘techniques rather than to low-density liquid bubble chambers. The presence

of the,multiJneu;ral particle final-state (the neutron and the ﬂq~yy) forces
the bubble chamber experiments to leek at the charge symmetric reaction

+ " '
@t nﬁ»op) in. the form25’26’27

n+dﬁwon(ps) ' (1.2)

Theée expérimenté are limited stétistically by the non-triggerability - .
of most bubble chambers, and invelve the problems of clearly identifying the
spectater protons and.of renormalizing the extremely low ltl regioh because
oflthe Pauli exclusien principle,

. . L0 . .
This report describes the measurement of the W spin density matrix

_elements, Chapter II gives some theoretical background as to what ene might

expect to see. Chapter III describes the experimental techpiqué with regard

to data collectien. Chapter IV describes the daté'reductien‘and'analysiso
Chapter V¥gives the results and conclusions. The Appendix expands on several
items only briefly mentioned in the fmain text.

‘We. find that the predictioens Qf’a'simplehmodel éombining p- and

B-exchange are notfcoﬁsistentAWifhlthe data.
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II. THEORETICAL BACKGROUND

. o __ .
A, Properties of the w and Tts Spin Density Matrix

The existence of a tripion isosinglet resonance of mass near

v 785 MeV/c2 was established'in 1961 by Maglic et al} in the reaction

AN

- + - o + -
ppo T T T

‘Subsequent analyses of tripion Dalitz plots eStablished the spin and parity
of the mo to be JP = 1_,2 The currently.accepted values of the mass

. : 3
and width are 783.7 MeV/c2 and 11.9 MeV/c2 respectively.

The spin density matrix takes the form

Py P Pral
kL

% . o 1- .
= [P0 Poo P10 with pog = 1-20)53 py95Pp.y Teal (IL.1)

P1-1 P10 P11

for a spin one object, produced in a two body interaction, in its rest

" frame, with z the quantization axis, the y axis normal to the production

plane, and the x axis chosen to make a right-handed coordinate system. We
have assumed parity conservation in the production mechanism and thus need
four independent real quantities to determine §; p,,, P , Re ¢.., and Im b” .
: ' 11 1-1 107 10
In the rest frame of the resonance, the matrix element describing

the decay of an IG =1, JP = 1 object into three pions (note W -3m° is

. not allowed) can be written



P —_ - - . - - .
m~ ¢en ; no= P4 X Pl T Py X Pﬂo
= l?ﬂ" X Pro (11.2)

. —.‘. . . ' . . : - .
 where € is the polarization vector of the decaying vector meéson, and n is

the normal to the decay plane.. The normal's angularvdistribution.Gﬁvlle)

is then easily found.

If one chooses a coordinate system as described in the paragraph-

precéeding equation (II.1),

L3 2 . 2 . 2
W(G,g)-— 411[podcos 8 + py,8in g - py.y8in 8 cos2yp

= /2 Re 10 sin28 cosep]

-

. where n-f = (sinScosg, sinfsingp, cosf) : (11.3)

with 0,0 the usual polar and azimuthal angles. (See Appendix B.) The
factor of 3/4m normalizes W(O,yp) i,e., JW(G,m)dcose dp = 1. Only Im P10
cannot be determined without the use of a polarized target. However,

further restrictions on the density matrix elements do exist independent of

_ the production process.

. In particular, since the eigenvalues of  must be positive, i.e.,

5,6
Ki 20 (i =1,2,3) we find as strict mathematical consequences: ’

E}i =Trg 20 ' (II.4a)
ot k.t =t - me?lzo0 | (11.4b)
1Mo T oMy T AN T D o otre ‘ L

Ahghy = %[2Tf53 + (1rp)> - 3TrpTrE) = 0 (I1.4c)




g

II.4a is trivially satisfied since Trp = 1 by conservation of probability.

II.4b reduces to Tr’ﬁ2 < 1 which is also well known, where the equality holds
fo? xj =1, xi%j = O,,i,e.} pure states.
II.4c reduces to 2Tr5? - 3Tr§2.# 120.

If we combine II.4b and IL.4c and work in the coordinate system used above

we find

P1-1 P11 (IL.5a)

2 2 |
2(Rep )" < 2[pol” = pgoPrP1-1) . (II.5b)

t

B. General Properties of the o’ Production

In this section, we work in the t-channel helicity frame, and

consider amplitudes which describe the t-channel process

-+
pn ~ T w’ _ _ (11.6)

for physical t. The extension of the relationships derived below to the

physical s-channel, i.e., for the reaction
- o
mTp—WwWn

is guaranteed if the analytic continuation of the'appropriate functions,
i.e., t-channel amplitudes or various algebraic functions of the t-channel
amplitudes, is unique. The uniqueness of the analytic continuation can be

shown to hold by using Carlson's ﬁheorem-plus the assumption that the




Mandelstam representation'isvvalid~with'only a finite number ofvsub- ‘
tractions. By not specifying the analytic‘continuation, we shallldefive
results which have general validity, i.e., are independent of Regge
asymptotics, |

- The partial wave expansion of a t-channel helicity amplitude

-

describing the t-channel reaction AB-CD is given by

J

| _T, J
fopsan = 2(.2.1-}-1) Fop.an Gy ® | (I1.7)
J

' J
. where & is the t-channel center-of-momentum scattering—angle;'FCD.AB is
: . , ;

the matrix element connecting two Jacob-Wick helicity states of spin J;
A, B, C, and D are the helicities of the respective particles; X = A-B,

. = C-D; and diu(e) is the Wigner rotation function. (Our notatien, con-

ventions, and relation to the notation of Jacob and Wick, are described in

Appendix A) o

1

Defining helicity states of definite parity, we find the matrix-
element between two such states (for baryon number zero states) to be

given by

S 1S
Jn _1..J 1. C DT .
FCD;AB “z(Fcn;AB + MeMp (-1 F_C_D;AB) N - (11.8)

where ﬂc,ﬂD are the intrinsic parities of particles C and Dj SC and SD are
their spins; and the intrinsic parity of an intermediate state of spin J is

given by ﬂ(-l)J, 7 = 1 for natural parity; T = -1 for unnatural parity.




Thus we have

S, 46 .
n o €D LM
Fe.p;ap = MeMp(-D) Fep;an o (IL.92)
Similarly '
S, 45
m . >4
Fop;-a-3 = MMyMg(-1) Fep,aB (11.9%)

(A1l relations involving helicity flips of A and B, rather than C, D can

be derived using equation A.ll of Appendix A.) In our case

i

Because of the symmetry properties of the d-functions, the fCD AB do not, in
. >

' SC+SD o Sﬂ+Sw
. MeMp -1 = TN, -1 = -1 (II.9a')
SA+SB S 45 _
N My Mg (-1 = 5D ! (I1.9b")
i Let us define
i ng;Aﬁ ={§:(2J+l) FgQ;AB diu(e) ‘ (I1.10)
’ ‘
1
|

general, satisfy a simple symmetry property analogous to equations II.9a and

IL.9b.. However, if A=0, i.e., A=B
- J Jou) ! | | | |
. | & () = [%3;&%7 B 5wz 0 (I1.11)

where P%(@) is an associated Légendre polynomial. From the property of

the B%_under -1+




| & T ooy pi
= P.’J(TH'Q) = (-1) E_J(G)
we find '
|
| J oy J : .
dofu(e) = (-1) dou(e) ‘ (11.12)
T Thus
B R : uS 1S
| N A c’p .1 o
Using II.9a', we have
M RN, |
- | feopsan = TNEDT fopoas (Ir.132)
4 Using similar arguments for the case u=0, we find
- +
Ay AR
“CD;AB "A''B CD; -A-B
S +S
= 1y €D AT
B m]an( D fuC-D;AB
or _
LURE R 13n).
fec;as = 7N FococaB | (1-13b)

We make the change in notation A=Xﬁ, B=KP, C=Xn, D=Xw_and add

xﬂEO, so that II.13a and IL.13b become

A

Ll _‘_ - w M '
Eoen san=n, = NED T ER o (II.13a%)
w ip 1 w i p 1
. Tl . In | |
'foo;k_Kv - n\foo;k-K ' ) _ (II.13b*)
"R7p - i'p .




. For the two possible exchange systems p and B

Before drawing conclusions from equation II.13a' and Ii!le', we will
derive the condition under which kqA-B=Xﬁ-Xp=O, i.e., under w@ichlII.13a'
holds. -

.Consider a ﬁucléon-antinucleon vertex, such as tbevpﬁ vertex for
reaction iI°6. G-parity for the NN s&stem is given by

¢ = (LSt

where S is the total Nﬁ spin, L is their relative-ahgular momentum, and I.
is the‘total isospin. If an intermediate state has parity P = ﬂT where
T = (-l)J is the signature of a Regge trajectory containing this state, then
parity conservation yields
' L
o= -(-1)
Conservation of isospin and G-parity, then gives
S g 1
(-1 = -176(-1)
Setting §=0, requires Ay = Ag, thus IL.13a' will hold if
I L
-1 = MTG(-1) (I1.14)
I

, G (-1) P = 41
np o Gp¢1) |




and

» . ) I.B
ﬂBTBGB(-l) = =1

Thus II.13a' holds for B exchange.

Since ﬂB = -1, ﬂp = 41, we find from II.13a‘', for B exchange

£ o= -f _ (II1.15)
o-Lihh Ay oLk =hy
and from II.13b', for p exchange
+ ‘
£ = -£F =0 | (1I.16)

S = -f
400,Kﬁkp oo,Kﬁkp

&

Equation IL.16 expresses the fact that p exchange cannot couple to Kw=0°
This result can also be derived by considering parity conservation at the
Tw vertex alo,ne.8’9

. ) - ; co . - .
The w - spin-density matrix in the Gottfried-Jackson frame is

giveh by8'

oyt = 2 .4t (I1.17)
. ',
ABC ch;AB “c)';AB
For pure B-exchange,
) 2 - f_’k ‘ - f_?'c

o T2 fonsaa Fontan T 2ok Fonre)

. A
and we‘find
P11 Py-1 (pure B-exchange) | - (1I1.18)
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and
2
]plol = P01 (pure B-exchange) (I1.19)
- For pure p-exchange
Poo = P10 T 0 (pure p-exchange) (11.20)
Finally, we consider the possibility of both p and B exchange,
so
‘ *
—2<f+ + £ ><f+ + £ >
P 7 oh;AB T Ton;AB/ \oM';AB ' ToM';AB ,
AB
+ - Int
YU VARV
+ - ‘i:* | .
where Pypt = iB foK;AB fox’;AB represent the‘contrlbutlon from pure

p- and B-exchange respectively, and where

Int _ ~% ' +¥%

+ -
Py, ! -—K% (foX;AB fok';AB + foK;AB fok“;AB) represents the con

tribution from interference terms.

Since foX;AB = 0 for A#B, we have
Int _ .+ =% - e ok -k - o
= ot Fontie T fonar Tontae T fon-n fontee T fopan forro-

p)\)\ﬂ

From II.13a and A.1l1l

l =1 {1
Ohhfxﬁxp=kﬁ okw;-Xﬁ~Xp=-Xﬁ

f
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- Thus

Int _ _ + -
p)\)\s = 0, and p>\>\.i = p}\)\! + p)\xl'

In summary, we have
1) Pure p=-exchange:

=0 (II.20)

Poo = P10
2) Pure B-exchange:
Pi; = “Pi1 (II.18)
2 1
3) p- and B-exchange: ’
Poo = Pog - (II.21a)
P10 = P16 S (II.21b)
_ + - +\_ -
Pro1 = Prap T Pap T Ppo1 T Pg (II.21c)
o taoT | |
+ + ‘
Pi1 ¥ P1og T P11 TPy (11.22)

The important results are II.2la and II.22 which give an immediate check on

the presence pf'any B-exchange and any p-exchange.
I

C. Predictions of Simple Regge Models

The procedure to be used in Reggeizing the t=-channel helicity
, , . , , 10,11,12
amplitudes given in equation II.7 has been discussed by many authors. _
We restrict ourselves to the exchange of simple Regge trajectories. . Since

we are dealing with particles of unequal mass having spin, care must be

taken near the forward directiomn, i.e., as s, cosetj-'oo except near
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lt\ = |t|min° In this low ltl region, the d-functions fail to satisfy a
simple symmetry property under A—-\ or u~-u. However, for cos et~w, i.e.,
outside of this low \t\ region, we find

J EVNUSN) '
dx_u(e) = (=-1) dxu(e)v for all A and u

Thus as a consequence of letting s during Reggeization, we

find, except for the region \tl zf\tlmin,l3,
il IOCTN R | I
fc-p;ap = ML fopian (11.23)

In terms of density matrix elements, we have for all natural parity exchange,

such as p exchange

=0 (11.24a) -

(II.24Db)
and for all unnatural parity exchanges, such as B exchange

2 l \ S—
loyol™ = PooPi1 = 3 PoolP117P1-1) (11.24d)

A1l of these results, except II.24b were previously obtained in section

I1.B for p and B exchange independent of Regge asymptotics. From equation II.23




it can be shown that there are no interference terms between the natural

and unpatural parity exchanges.

If only one unnatural parity trajectory is exchanged, thep

Im pyq = O ~(11.25)

since the Regge assumption implies all amplitudes of the same trajeetory to

have equal phases; If more than one unnatural parity trajectory is exchanged,
equation II.25 will hold only if all these trajectories have the same phase.

For a model which allows only a combination of Regge trajectory

exchanges, we can conclude as g= and cos Gtﬁm, o0 and pllmpl_l only

have contributions from unnatural parity exchange; P11 + pi_i only has
contributions from natural parity exchange.
For a model which allows only Reggeized p and B exchanges, we .
can conlcude as s=® and cos et*m, Im P10 = 0; Poo and P117P1-1 only have
contributions from B exchange; pli+pl_l only has contributions from p(exchange.
Several authors have described models using p and/or B'exchangé}4m16
The parameters of the p trajectory are well known and lead to a nonsense-

. 2 . L
wrong-signature zero at t ~ -.6(GeV/c) . Incorporating this into our model,

we predict at t == -1‘.6(GeV/’c)2 and as s~®, cos etaw

2 21
(Rep )™ = P15 = PooP11 = 7 PoolP117P1-1)

Pyg TP =0
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Finally we note that since Poo only has contributions from B

exchange, the effects of .p-w interference may be more transparent in Poo”
In order to reach this conclusion, we must assume that the effects-of p-w
interference manifest themselves in the w production amplitude for reaction
I.1, and that this interference occurs between production amplitudes having

: . . . . . 17 . '
the same spin structure under isospin violation. Since at low lt\ the. p
production amplitude is dominated by m- exchange, we expect the interference

.. 1 o . .

to take place in the B-exchange amplitudes for w production at low \tl, (We
note that at least one set of authors have concluded that the p and B tra-
. , ' 18 _ .
jectories are exchange degenerate. ). There will then be a difference at

low ltl between Poo for ﬂ+h~wop and Poo for ﬂ_pﬁwon.
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III. EXPERIMENTAL TECHNIQUE 1: DATA COLLECTION

The data was collected using a combination of scintillation
counters and optical spark chambers. This apparatus wés designed and
arranged to detect events corresponding to reaction I.l in the momentum
transfer range .04 < \tl < 1.0 (GeV/é)z° The source of pions was the beam
described below, and the source of protons was a liquid Hydrogen target.

The_;cintillation counters can be grouped into four categories:
(1) a beaﬁ defining telescope, (2) a neutron counter hodosbopé,.which
_ measuréd the outgoing neutron's position and time-of-flight, (3) a set of

anti~counters, which were used to veto out interactions éfoduciﬁg charged
~ particles at angles incompatible with reactidn I.1 kinematics for neutrons
in our neutron hodosébpe,.and (4) a m counter hodoscope, whiéh was used to
require two outgoing charged particles_in the férward direction.,

The optical spark chambers were used to convert the ﬁo decay
photbns‘and to provide for identification of and poéitional measurement of

the charged pion tracks.

A. The Beam

The experiment was performed at the,Argonﬁe Zero Gradiént
Synchrotron Beam No. 17, an unseparated n beam produced by circulating
protons targeting internally on a target which'alsé.serves to extréct
protons for the first external proton beam. The Secondary particles are
- directed down the 17° beam line by a transport system consisting of three
quadrupole doublets and two bending magnets shown in figﬁpe III-1. A freon

.gas berenkov counter located in the beam was used as a threshold counter




l 7 ‘ ' . ~

Figure III-1. Beam transport system. The neutron counters are visible in
. the upper right-hand cormner. '




BEAM TRANSPORT SYSTEM
ARGONNE ZGS EXPERIMENT E-20!

'/’/" § K ’ ¢

FIRST BENDING MAGNET. » AN A

: )‘0'40'/' S

A . < 1/ ‘/\6\ 7 Y.
/ S~ QUADRUPOLE DOUBLET ‘

\ l. — '

s
/“ T

AP <> _ ‘\ “INTERNAL TARGET BOX

S5 ,

CERENKOV
COUNTER

'&'dr COLLIMATING SLIT

//" o
) " QUADRUPOLE

" DOUBLET
SECOND BENDING MAGNET

QUADRUPOLE
DOUBLET

81



19

in vetoing electrons and muons. Just upstream of fhis counter is an
adjustable collimating slit which was used tovregulate the‘beam,inﬁensity.
At the widest opening of thié slit, the Beam momemtum bite was \ég\ S_l%,
and for most of the data'\égl < ,75%.

The transport system was adjusted to pass particles of either
3.65, 4.5, or 5.5 GeV/c momentum. The intensity was held between 100,000.
and 200,000 beam particles per ZGS pulse in our beam telgscopew. The pulées
were of 450-600 milliseconds duration, occurring approximately once every
3 seconds. .

The final focus occurred between scintillation counters B2 and
HA (see figure_III-Z), and resulted in a spot size at the upstream end of
ouf liquid Hydfogeﬁ target of 32mﬁ horizontalXl3mm vertical with-a hori-
zontal half-angle divergence of 4 milliradians and a vertical half-angle

divergence of 7 milliradians.

B. Experimental Layout

The experimental layout is shown in figure III-Z, Counters BO’
Bi, and B2 prOvide a beam telescope. The $cm diaﬁe;er x 30cm liquid hydrogen
target was surrounded on five sides by a set»of anti-counters,vSAl ~SA5 and
HA, with the upstream counter, HA, havingba 19mm diameter ﬁole.allowing for
the passage of the.beam. A@ditional anti-coﬁnters WA1 ~WA5 (not shown in
the figures) were arranged to veto out charged particles emerging froﬁ the
target in the forward direction but at angles tooe large t§ be consistent
with o° production and subsequent decay.

The target was designed and constructed_by the Argonpé Liquid

Hydrogen Target Group, and was of the closed system type. This target
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Figure 11I-2 Experimental Layout.
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system used a 10-watt helium refrigeration unit which was mounted above the
target as indicated in the figure.

The two spark chambers TF, and ?Fz, used thin Aluminum foil

1
plates of fiducial area 69cm x 69¢m and consisted of a total 6f‘eight lem

- gaps for identification of the charged pions. Countér BA was a beamﬁanti
counter,vand counters T, -T, formed a horizontal hodoécope which was used

to detect the two charged pions. (TableIIL.l gives details on all the
scintillation éounters.) Two 91lcm x 122cmlshower chambers SCl and SCZ’
allowed visual identification of the o produced photons. SCl had 21

3.2mm plates; the first seven plates were of Aluminum and these seven gaps
helped ig identifying the charged pions. The'remaining 14 plates in sci and

all 21 plates in SC, consisted of .76mm Al - 1.52mm Pb-76mm Al sandwiches.

2
The gap width in both of the shower chamberé was lecm. The two shower
chambers represented ~9.5 radiation lengths of material for conversion of
the photons. A 76mm diameter hole through the center of the shower chambers.
allowed for passage of the beém particles. :
: : J

The chambers were photographed in 90° stereo using a 150mm
focal length lens at £/11 and a Flight Research Model 207 camera.: Both
the top and side views of the chambers appeared on a double'BSmm frame of
Eastman Kbdak,RAR 2479 film. The.camera was located immediateiy downstream
from and slightly above the spark éhambers; the chamber images were opti=~
cally transpdrted by a system of front aluminiéed mirrors.

A‘52 element neutron-counter hodoscope was located ét a distance

of 10m from the target, as shown in figure IIk1. The counters were

arranged in a 13 (horizontal) x 4 (vertical) with a horizontal spacing of



Table ILT.1 Scintillation Counter Specifications

Size

Counter Type of Scintillator Comments

(HxVxD)units are cmPhotomultiplier Typg
BO | Pilot B 20x20x%.63 RCA 8575 'fExtra power suppiies
B, wen 3.8x3.8x.32 RCA 8575 connected to last
B, woou .19 diam x .16 - RCA 8575 4-Dynodes to Prevent
BA " " 3.17x3.8x.32 -RCA 8575 Voltage ‘“'sag".
BA _Pilot ¥ 76x50.8%x.95 Amperex 58AVP Off Center 3/4" diam.
SA, U .95x50.8x100.2 | Amperex 58AVP {fbr passage of beam
SA; woowm '76%.95%x100.2 - Amperex 58AVP
SA3 neooon +95%50.8x100.2 Amperex 58AVP
SA4 " " 78.5x.95x%50.8 Amperekx 58AVP
SA5 " " 81x.95x30.5 RCA 6810A
WA, weoon 2039lx.95 ‘RCA 6810A
WA2 " " 20x91x.95 _ RCA 6810A
WA3 " u 20x122x.95 "RCA 6810A
WA4 - u " 20x122x%.95 ~RCA 6810A
WA5 Pilot B 20x61x.95 "~ RCA 6810A
T Mgs M9 M7 Pilot B 91x3.17x1.77 RCA 6199
ﬂ9_ " " 67x3.17x1.77 "RCA 6199

Neutron Counters

NE 102

10x25.4x30.51 1

Amperex 58AVP

jHorizontal :x' vertical x depth presented to a beam particle

Tt

D is depth presented to nremally incident neutron

Zener Diode Base for

‘better voltage Regu~-

lation

€T
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Figure III-3 Neutron Counters as Seen by Target.
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approximately twice a countér width, as illustrated in figure III-3. At each
of the incident beam momenta, a central location for these counters was
defined so as to insure the momentum transfer was in the range .04 < ltl <

2 . | | | |
1.0 (GeV/c)®. During each series of three runs, the neutron counters were

'kept at central position for the first run, and then moved a counter width

to alternate sides of this central position on each of the next two ruhs so
as to make the momentum transfer acceptance continuous. :In addiﬁion, these
counters were rotated about a centfal ﬁivot point at each beam momentum SO
that the arc they were laid along faced the center of the target.

The farggt'position was éhanged at each of the incideht beam momenta
in order to assure maximum utiliéatibn of the_fiduciél volgmes of the spark

chambers.

. C. Electronic Logic

The electronic logic consisted of a combination of University of

Illinois, EGG, and LeCroy fast logic modules. The neutron counter logic

~

(see figure III-5) required four output signals from each neutron counter.

Anode and dynode signals from each counter in a vertical column of four

were separately passively -added to produée 13 "™ signals (inverted fromvthe
last dynode output) and 13 “tof" signals (from the énode). The other anode

output (each phototube base on the neﬁtron counters. produced two 50Q anéde'

output signals) were addgd bassively thirﬁeenfold; each hérizontal fow of

13 counters produciﬁg an individual signal. The 13th dynodg signals wefe

passively added for all 52 neutron counters and provided pulse height

information.
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The main logic is diagrammed in figures III-4 and III-5. .An

- Mevent" "triggering" our spark chambers comnsisted of

THASA, WA,  BA (B_B;B,)' (2m) ¢
i.e., no signal from any of the anti-counters or the erenkov counter; a
coingidence in the beam telescope counters, but no beam particle occurring
within a time interval either 130 nsec before or after the beam particle
under.consiQeration;* two and only two elements of the T hodoscopé_firing;:
and a neutron counter "O' occurring within a predetgrminéd time gate for a’
given neutron counter. Such an "event" fired the spark chambers and

associated fiducials, advanced the camera, enabled an EGG time-to~-amplitude

s ‘
converter (TAC) which recorded the interval between the firing of counter

B. and the neutron "tof'" signal, and placed indicative information on:

1

(1) a set of binary indicators which were photographed with the spark

chambers, and (2) a LeCroy data bus. The information recorded on film

through the use of neon=light binary indicators was run number, “event"

(frame) number, neutron time-of-flight (the TAC output converted by a
LeCréy 8 bit ADC), neutron pulse height as recorded in a 8 bit LéCroy'ADC,
neufron ® number and neutron ¢ number.

The LeCroy data bus sent ﬁhé information on.the binary lights-
and the numbers of the two elemenfs of the 1 hodoscope firing to the

University of Illinois XDS X2 computér. (A Kennedy incremental tape

% .

The 130 nsec corresponded to the maximum time allowed for a stop signal
from the neutron counters. The necessary logic was achieved through the
use of an EGG pile-up gate module. - -
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Figure ITI-4 Main Logic Diagram.
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Figure III-5 Neutron Counter Logic. (Symbols are defined in figure IILI-4.)
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recorder was 6ccasiona11y used as backup for, or in addition to, the T2).
The neutren "tof" signals went through 13 individual triggers set
at a low voltage-discrimination level which corresponded to ~1 MeV energy

loss in the neutron counter. The neutron "6' signals also went through a

set of 13 individual triggers, but these had a higher level of discrimination

which corresponded to ~6 MeV energy loss in the neutron counter. A “tof"
signal in a loose coincidence with a "@" signal was required to give the

TAC a stop signal. The purpose of this high-low discrimination procedure
!

was to minimize the effects of time slewing in the recorded time-of-flight.

The outputs of SA1_5 and WAlm5 were separately passively added

‘giving one SA and one WA signal. The requirement of two and only two T

hodoscope counts was achieved by passively adding the outputs of the 17
individual discriminators and using an EGG differential discriminator whose

voltage window was then appropriately set.

- D. Use of the On-Line Computer

The £2: computer was programmed to store, update, and dynamically
display on a CRT unit, the counts in both the neutron and pion hodoscopes,

the time-of-flight spectra for the neutron ® bins, and several momentum

‘transfer bins of missing mass spectra. The various counter displays pro-
- vided an excellent monitor of the scintillation counters in supplement to

the counter single count rates, which were checked hourly during the experi-

ment.
The Computer, with its high-speed data collection potential, was

also used in monitoring the timing of the neutron counters. DPuring the
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actual data runs the data collection rate was limited by the time needed
to advance the camera. However, once every six data runs. the camera and
spark chambers were disabled, the timing gates on.the neutron counters were

modified, and the trigger electronics was changed to accept events of the

type

nmp - v + anything

The photoﬁs were detected in the neutron counter hodoscope, and this
"prompt peak' time set the origin of the scale used to compute the neutron
time-of-£1ight.

The £2 also .transferred the input information for each event
onto 9~track magnetic tape which,waé subseqﬁently processed on the

Argonne IBM 360,

E. Raw Data Analysis: Neutral Missing Mass Spectrometry

If we consider the reaction

n_p > Xon (III:].)

'

then conservation of four momentum yields:

2 2 . : ‘
.M% =m_ wZ(En+mP) Tn + 2pnpn cos © | (III.Z)

where we have neglected the neutron-proton mass difference and are working

the laboratory frame, i.e., the proton'is at rest. TN is the kinetic
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Figure III-6 Kinematics of reaction III.1 for incident momentum 3.65 GeV/ac.
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- Figure III-7 Kinematics of Reaction III.1 for Incident Momentum 5.5 GeV/c.
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energy of the ﬁeutron, GN is the angle the outgoing neutron makeé“withvthe
incident pion beam, Eﬂ is the energy of the incident pion, and pn‘is it's
momentum. Both the neutron’s momentum, pN,_and its kinetic energy, TN’ can
be expressed as single-valued.func;ions of the neutron time-of=-flight. For
two of our incident beam momenta, the parametric curves of constant mass

in the time-of€flight (TOF) plane are shown in figures III-6 and III-7.. We
note that at large neutron timenofwflight, which are equivalent to low-

~ momentum transfer to the neutron, for a given range of theta, a rather iarge
raﬁge of time~of-flight corresponds to a small range of mass.

Using our "on-line" information, we have a missing mass spectrometer
and can find the mass of the missing neutral boson. The input parameters
to the calculation are: | (1) the incident beam momentum, (2) the angle of
‘the neutron, and (3) the neutron~timefof-flight, For this onwliﬁe analysis
our ignorance about the position of the event vertex within the target
produces errors in both the neutron angle and its time-of~-flight. Another
source of error in the time?bfwflight'comes about becéuse of the non-
incorporation of the inforﬁation-obtained in the “prompt peak" runs des-
cribed in section IIIL.D.
A calculation of the time-of~-flight in terms of measured quan-
tities is:
DC D

C : X
¢ = S(T‘:vent.' IgrOmpt) + L/C + A/C (I11.4)

where Tigznt and are the TAC-ADC system channel numbers for the

‘prompt

recorded event and for the location’ of the “'prompt peak' in the neutron
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. counter hit in this event, L is .the distance from the target center to the
center of this neutron counter in centimeters, A is the vector distance
along the beam direction from the target center to the event vertex in
centimeters, C = 30cm/nsec is the speed of light, and S is the TAC-ADC scale
factor in nsec/channel. In the on~line analysis, we take A = 0 .and

L .TADC . . -
= -ST = constant for all counters, i.e., we take the event vertex at
c prompt ‘ .
the target center and assume all the counters are in time (they were
originally cabled to satisfy this timing condition) and at the same distance
from the target center.

The results of the on-line analysis is shown for all three inci-

dent beam momenta for a few momentum transfer bins in figures III-8, III-9

and IIL-10. Because of our trigger electronics, these histograms contain all

events of the type
ﬂ_p_ﬂ n + 2 charged particles 4+ m neutrals

and thus contain a substantial number of background events which can be
eliminated, as will be discussed in Chapter IV, by scanning the film for

only
- + = - 4+ -
Tp—TTvyn or Tp - T yyn

candidates, i.e., those pictures showing conversion of at least one photon.

This background plus the resolution problem introduced by the time-of-flight

errors precludes any identification of signal above noise in the two high
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Figure III-8 Raw Missing Mass .15 < ‘tl‘< .35 (GeV/c)Z°
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| 2
Figure III-9 Raw Missing Mass .35 < ltl < (60 (GeV/c).
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bFigure III-10 Raw Missing Mass .60 < l’tl".;’v<5,9,5:"(GeV/c)2o
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momentum transfer bins, however, a signal in the wo mass region is visible
in theviQwest_momehtuﬁ trénsfér bin, .15 < lt\ < .35 (GeV/é)?,. The signal's
relatively narrow full width at half-maximum above background, [~80-120
MeV/cz, means it. is not predominantly p(765 MeV/cz)'and is‘indeed aﬁ w’

signalf
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IV, EXPERIMENTAL TECHNIQUE 2: DATA REDUCTION AND ANALYSIS

A. Cuts on the Raw .Data
| The neutron counter timing gates, and thevposition of the counters
v'relative to the target dete£mine the acceptance oflthe neutralrnissing-méss
spectrometer. (Figure IV-1 gives the aéceptance for an incident pion
momentum of 5.5 GeV/c). We note that at large times-of-flight, or low ltl,"
the acceptance in terms of missing mass is small. However, asvwe.go to .
smaller tiﬁes»ofmflight, i.e:;, larger ltl,-the acceptance widens and a
: cﬁtting procedure to re@uce tﬁe number of spark chamber pictures to be
scanned Bécomes desirable.

Using the raw timemofmflight, the neutron laboratory scattering
angle with the event vertex assumed to be at the target center, and £he
neutron counter timing corrections, a cut on the raw data was made. For '
each event an error ellipse was drawn in thé 0~ ﬁime-ofrflight.plane with
semi-axes of 76 milliradians in & and 6 nsec in time-of=-flight. These
errors correspond to approximately four standard deviations. After drawing
this ellipse, a computer program determined whether or not the wo mass ¢urve-
lay within the ellipge. If not, the event was excluded unless the missing
mass for the évent was between 540 and 1030 MeV/cz.

The validity of this cutting procedure was checked_by‘processing
a data:sample-both with and wighout the cut. No events with missing masses

."/iﬁ the rénge 560-1000 MeV/c2 were found tb be éxciuded by the cutting pro-
cedure. Approximately 50% of the total number of pictures were eliminated

by this cuﬁ.v
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Figure IV-1 Acceptance'of the neutron counters in the ©-time-of-flight ;
| ‘ .plane'at 5.5 GeV/c.
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In our fiﬁal data plots, missing masses outside 560~1000 MeV/c2
occur for two reasons: (1) some of the data:were processed without going
throughithe cut, and (2) at short times~ofwflight the spacing between
missing-mass curves in the 6-time-of-flight plane is so small that often
one cannot cut without excluding evénts whose fitted missing mass will lie
within the desired region, i.e., the error ellipse contains a wide range of

allowed missing-masses.

B. Scanning and Measuring Techniques

The events passing the cutting procedure were visually scanned,
and grouped into fiv; classes: (1) chamber br?akdowns, (2) events con=
taining no y.conversiop showers, (3) events containing one such shower,

(4) events containing two such showers, and (5) events containing three or
‘more‘such showéfs. For the-purposes of the scan, a shower was defined to
have at least five visible sparks'in both the top and side views, no sparks
in the thin foil chambers, and if was not allowed to point back to a
secondary interaction. Additional criteria allowed the scanners.to dis=
tinguish charged particlesvwhich missed the thin foil chambers from v con-
version showers. THe efficiency of the scanners in identifying the wo
candidates,'iee,,'the one and two shower events, will be discussed else-
wh_ere.l9 In what follows we shall only consider tﬁe events identified as
containing two conversion showers.

After being scanned the wo events went through another stage of
filtering by the meqéuring personnel. The filtering eliminated events that

were improperly classified by the scanners, events with an interaction
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vertex not in the area of our liquid Hydrogen target, and events whose

topology in the reprojected image planes made measurement impossible. The

" ratio of events passing to events failing was ~.75-.80. (Exact figures will

. , 19
be given in another report ").
The two-photon events. still surviving were measured on a Uhiversity
L 20 . . |

of Illinois SMP. The measurement digitized the reprojected image .plane
positions of a set of four electroluminescent fiducial cross-hairs, theitop
and side view coordinates of the sparks in the two charged'particle tracks,
and the top and side view coordinates of the initial spark in each of the
two showers. On the average a total of 20 two shower scanned events were

handled by the measurers in an hour.

C. Event Reconstruction

A least squared fitting procedure was used to spatially reconstruct
the events. The parameters for the optical transformation necessary in doing
this fit were determined with a set of 120 fiducial cross-hairs located on

the spark chambers, which were surveyed relative to the beam line. These

_cross-hairs were photographed once every 100 frames (as were the electro~

luminescent cross~hairs which' were also fired on every frame.) The parameters
describing the transformation from real space to the film plane were found
after medsuring the positions of these 120 fiducials on a film plane digiw
tizer. The additional parameters des@ribing the transformation from the SMP
measuring plane to the film plane were.independently determined bi-weekly
during thé period when the measurements were made.

After transforming to the fiducial plane projectiohs of the
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measured sparks, a 3-dimensional least squared fit was attempted. The inter-
action of the two charged particle tracks located the.evenﬁ vertex, and the
positions of the initial spark in each shower and the neutron counter position
enabled the fitting program to determine the directions of all the pérticles
in real space. The output of this com?uter program consisted of direction
cosines for all five outgoing tracks and thé coordinates of the vertex.

The direction cosines for. all the outgoing tracks, the .neutron
time~of-flight as given by equation III.3, and the incident beam momenta
were used as input to another least squares fitting program. .A 1 constraint

fit to the hypothesis
-+ - _
mopem T TR (IV.1)

was then made, and the results can be seen in figures IV-2, IV-3, and IV-4,

A o ,
where the missing mass (X mass) for the reaction
- o]
mp~X n

is plotted. Three plots afe made at eaéhfiﬁcident beam momentum. For events
which fail to kinematically fit, Xz > 16, the missing mass is calculated using
the neutron time-of-flight and angles, and the ﬁertex position. For events
which fit a subclass caliedv"good" events is defiﬁedL

"Good" events have: (1) X2.> 16, (2) a vertex within the target,
(3) photon energies 2 80 MeV, and (4) agreement for tﬁé charged ﬁracks

between the prdjected vertical coordinates in the plane of the m hodoscope
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and the positions of the two m countefs which were. triggered during.the event.
For the "good" eveﬁts,‘two missing.mass:hisﬁograms were plotted for each
energy. The first histogram gives the spectrometeér mass as. determined using .
only the neutron counter information and vertex position. The. second histo-
gram shows the final tripion mass determined by the least squares fit to
hypothesis IV.1.

In each of the histograms of ''good" events, a strong signal in
the ® mass region is visiblg and the width is in agreement with the .expected
mass resolution of the neutral missing mass spectrometer (~70 MeV/czv )
averaged over all t). For the purpose of the following analysis a.straight
line is drawn through the.backgfound near the @ mass. Our.w . mass region is
defiﬁed to be 750~830 Me.V/c2 and 80 MeV/cz control regions are selected on
either sides of this wo region.

An indication of the purity of our w sample can be found using

the decay matrix element /

o . . - - ' ,
where ¢ is the w polarization vector, p + and p _ are the charged pion 3~
o u ™
momenta in the w rest frame. Assuming no background, the distribution of

events on the Dalitz plot will be

dN
dsé

where
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‘Figure IV-2 Missing mass results at 3.65 GeV/c,
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Figure IV-3 Missihg mass res’u_lté ‘at 4.5 GeV/c.
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.Figure IV-4 'Missing mass results at 5,5 GeV/c;
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7+ % 5. |

. | lp,+ x pn"‘lmax

2 : _ ,
and §n+ x.;%_ is a maximum .at. the center of the Dalitz plot. In figures .

IV-5, IV-6 and IV-7 we plot number of events vs. § after making a background
subtraction. The agreement of the data with the theoretical prediction of a
straight line, is good, and a study of the control regions shows no evidence

of such behavior for the background.

D. Experimental Biases
Two possible sources of bias must be examined before calculating spin-

density matrix elements as a function of ‘t. Thé geometric acceptance of the
¢ ‘ detection apparatus is one source of Bias. High statistics Monte-Carlo event

simulation shows thaﬁ for unpolarized wofs, the "good" 28 events detected

simulate some slight polarization. (We use_the.term,"good" events as defined

in section-IV.C). A weighting function of the form

3 L
W=z % oa Vel
L=o M=-L ' '
where the cééfficients of the spherical harmonics,_phg aﬁ, are tque
determined, is applied to the Monte Carlo events in an effort tdﬁremove this

bias.

W= (.1+ .02 cosze + .21 sinzecosZp)ml (Iv.2)




61 . . ‘ ' ' : {

Figure IV-5 Radial Dalitz plot density at 3.65 GeV/c.
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Figure 1V-6 Rédial Dalitz.plot density at 4.5 GeV/c.
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Figure IV-~7 Radial Dalitz plot density at 5.5 GeV/c.
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is found to be an adequate representation of the weighting function at all:
three incident momentéJ The pfojections of the .angular distributions. for .
Monte=Carlo events using,this weighting technique.are shown in. figures. IV-8,
IV-9, and IV-10. All are in good agreement with straight line predictions

of an'unpolariZed.wo. In_addi#ion, the density matrix elements are calculated

for these events, and we find

o = .335 %+ .0l6
00 -
Py = --009 # 013 at 3.65 GeV/c
Rep,, = -.009 % .007
. = .349 £ .015
(o]0]
piy = 009 & .012  .at 4.5 GeV/e
Rep,, = .009 % .007
o = .362 % .015
00 .
pyy = -002 % .012 at 5.5 GeV/c
Rep;, = .009 £ .006

These are to be compared with the inpﬁt values'of poo = 1/3,
i1 = 0, and Replo = 0;, We conclude that the weight given in equation IV.2
- removes the geométric bias of our equipment.

The other course of bias involves the background. Our background
consists of 37 non-resonating events and nén-Bn random backgfound events. .
The latter'béckground consists mainly'of events distributed uniformly in

neutron time-of-flight and thus is concentrated at low lt\" The removal of

this random background is in principle accomplished by the least squares
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-Figure IV=8 'MontenGarloAaqgular distributions after Weighting>at 3.65 GeV/c.
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Figure IV-9 Monte-Carlo angular distributions after wWeighting at 4.5 GeV/c. "
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Figure IV-10 Monte-Carlo angular distributions after Weighting at 5.5 GeV/c.
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fitting program, howevér, thefe is evidence that some fraction survives,
especially'in the 3.65 GeV/c data. 1In figurés~IV~ll,,IV-12, and IV-13, we

have plotted the distribution of event vertices in ;he target along the beam ...
direction. Theﬂprediétion of the Monte=Carlo for wo'events is a flat dis=-
tribution. At all three energies, the failing events show a peaking in the
downstream direction indicative of wide angie.evenfts° The *'good" events at

4,5 and 5.5 GeV/c flatten out in-agreement,with,thé Monte=Carlo, which we
assume implies_a flat distribution for 3m events. For the 3.65 GeV/c data,

it is necessary to make the wo mass cut before the flattening is visible.

We conéldde the 3.65 GeV/c data con;ainvsome random non=-3m backgrouhd, and.

_emphasize the effect is concentrated in the low ltl region.
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Figure IV-11 Target profile along the beam direction for failing events. x
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Figure IV-12 Target profile .along the beam direction for "good" events. L
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Figure IV-13 Targeg profile along the beam dlrectlon for "good" events in
the W mass - reglon (.750 - .830 MeV/c ). :
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V. RESULTS AND CONCLUSIONS

The density matrix elemehtslpoo, blnl and Rep10 are calculated in the
. Gottfried-Jackson frame. This coordinate System is defined with the z axis
along fhe.ineident pion direction.as.seen in thevwo.rest frame, the y axis
along the normal to the production plane,{i,e., g = 3B X Bw iﬁ fﬁé lab,

and ¥ = § x 2. The density matrix elements are evaluated as moments of the

angular distribution, equation II.3, weighted by equation.IV.2....Thus

5 2. 1 |
Poo = (5 cos™® - ) . (v.1)
011 = (~1% sinzevcos.2@> ' (V.2)
and Rep,y = (- —2_ 5in28 cosp) ' (v.3)

tf2

4

, g , ) , -
These equations are applied to both the w  region and the two control

regions. The final density matrix element is then given by

,prfj - NBpijB
Pis T B

(v.4)

/
where N¥ is the total number of events in the-w_O region, NB is the number of
“background events in the wo region, pijUJ is the density matrix element cal-
culated for the 0’ region, and pijB is the density matrixJelement calculated
for the control regions. The final results are plotted in figﬁres.V-l,
V-2, and V-3. The combinations P11 + P1.1° P11 ~ Pp-p aTre also calculated
directly from the data. Table V.1 presents all of these results.

‘Implicit in all of the above is the aséumptionvthét the spin

density matrix elements are independent of the efficiency of the neutron
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hodoscope. This.assumption.will be valid if,the neutron counter efficiencies
are slowly varying functionsvof t, i.e., if.in all the t-bins an average
neﬁtron counter efficiency can be defined. This assumption is consistent
with the results of a.computer programvwhich,célculates‘neutron counter
efficiencies,21 Only at low |tl, |t| < .15 (GeV/c)z, do the calculated
neutron countef efficiencies differ significantly within the t bin.

 None of the predictiéns of the simple models in'ChapterVII,are in
agreement with the data. Both Poo and.pfll + pl;l are non-zero indicating
the presence of both g~ and Béexchanges, However, the dip predicted for the
p trajectory does not occur in pll-+ Pyt )
It is eyident that natu?al parity exchange dominates; lpll + plml‘ >
4.Lpllm'hl=l , and something other than B-exchange is compensating for the p,
'_i.e,, something other thén the B fills in the p dip.

We conclude that a more detailed model is necessary to fit these

data.
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. ) Table V.1
o | | W ~ DENSITY MATRIX ELEMENTS
Incident (GeV/c) .05s|t|<.15 .15%|t|<.25 .255|t|<.35 .35%|t|<.50 .50<|t|<1.0
- Energy o .
3.65
Poo .58%. 11 .274.08 .27£.09 .19%.08 .50%.11
P11 .294.10 .054.08 .20+.09 .07+.09 .05%.07
Repy, L06+.05  -.02+.05 -.04+.04 -.05+.04  ".17+.04
pijtPyy  -41E.12 .38+.09 .59+.11 .48+.10 .32+.10
py1~Py.q  -07%.02 .34+.05 .20+.06 - .33+.06 .22+.05
4.5 |
Poo .30+.08 .36+.06 .19+.06 .19+.06 .30+.08
P11 .24+.06  .23+.05 .17+.06 - .20+.06  .26+.06
o : Repq «.06+.03 . -.01+.03 .04+.03 -.02+.03 .04+.03
pyite .  -58%.08 ©.55+.07 553,07 .62+.07 .57+.09
pry=Pp.q -2L+.04 . 12+.04 .30+.04 - .21%.04 .20+.03
5.5 : -0
' Poo .38+.08 = .36+.07 .09+.07 13+.09 484,11
P11 .34+.06 .24+.05 .22+.07 - .27+.07 .26+.08
Repy -.02+.03 -.05+.03 -.05£.03 - -.01%.04 .10+.04
pyytPq.; -66%.08 .54+.08  .68+.07 .64+.07 474,10
.07+.04 .13+.04 .26+.05 . .31+.06 .08+.04

P117P1-1
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Figure V-1 Results for p -
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Figure V-3  Results for Replo.
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APPENDIX

.A. . Notation, Conventions and Definitions

We consider the two body reaction AB-CD in the s-channel. The
corresponding t-channel reaction is'ﬁBACA. (Figure A-1) |

.The samevletter will be used to denote a particle and its helicity,
and all quantities;willlbe:evaluated in the,éente: of momentum (cm) frame
of the channel. Momenta will be denoted by a p plus a pafticle subscript
in the s-channel,.and by a q plus a pérticle subscript in.the’t-chanhel.

The Mandelstam variables s, t, u are given by

2 2

s = (p, +pg) = (95 - 9p) (A.la)
R L T R (4. 1)
c ™ Pa ¢k MR D
= oy - b7 = (g5 - ap)” ‘ (4. 1c)
u = (py - ) = (95 - 95 ' le
where a*b =ab - E-B .
o o0
The s-channel cm 3-momenta are given by
2
o MemtmD) ,
p=|p| = |pygl = o (A.2a)
s
and
o A(s,mg”mp)
— ] —_ ! —
v P' - lp \ - lp CD\ - 2,\/; (A.Zb)
_ 2. 2.2
where A(x,y,2) = X +y +z"=2xy-2xz-2yz

The corresponding t-channel cm 3-momenta are
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Figure A-1. Particle Labelling for s= and t- channels.
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_ 2 2
L AEmym )
q = |4} = |9zp| = (A.3a)
‘ ‘ lDBl 2/t a.
and
2 2
o . A(t,m. ,m, )
a' = |a'| = |a'gl - A (A.3b)

2./t
The s~-channel cm scattering‘angle is given by

| s (t-) - (m, 2o ®) (g Pomp ) |
cosh = ' , (A.4a)
s A(s,m 2 m‘z)X(s m 2 m 2) -
AS,my oM Mg Mg

and the t-channel cm scattering angle is given by

t(s-u) - (mA2 -mcz)(mB2 -sz)

cosB, = (A.4b)

t 2 2 2 2
e,y Tume )R (E,my sy )

We.use the helicity formalism of Jacob and Wick22 to describe the
s-channel process AB~CD. The z axis is taken along the direction of particle
A and the y axis is along the normal to the production plane. -In terms of
d=-functions, the helicity matrix elements describing the reaction become

<e.0cn|s{ooAB> - L (2J+1)(CD|SJlAB>dJ 6.) (A.5)
s’ 4 § AL s , o~
where A = A=B, u = C-D.
Note we have set =0, i.e., the scattering takes place in the

X=2z plane,
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The relation between the invariant Feynman amplitude g and the

S matrix is

2]
I

. =6,, - 1(2n) (p, P, ) Sif (A.6)
1] 3 JT2E. anJ

i 7]

and the relationship between our gij and that of Jacob and Wick is

_ _2_1/2JW
8 j 8m ( ) By j
We define
= T (23+1) cJ a7 (e ) (A.7)
8cp;AB CD;AB "y A

J o1 - : ; e :
where GCD;AB = Zm (JM CD|g\JMAB> is the partial wave helicity matrix elementv
between the initial and final states. The differential cross. section in

terms of g is

e

p.' ABCD \8CD ABl )
64msp (25,%1) (25,+1) (4.8)

dg _
Q

where S and sp are the spins of particles A and B.

Parity acting on a Jacob-Wick state \JMAin> gives

J--si--sjl R



where ﬂi,ﬂj and Si’sj are the intrinsic parities and spins of particles i

and j. Parity acting on the matrix elements G gives

- J IR | ‘ -
Ccp;as = Scop;-a-B (A.10)
Mg Sa*¥5-5¢~5¢ .
where T' = 0 (~1) and where we have assumed parity conservation
, ey .

in the strong interactions. From the properties of the d-functions, we find

- (-nMH (A.11)

, 1
&cD;aB Mg p;-a-5

Using A.9, states of definite parity, P = ﬂ(-l)JPe(é=O for inte-
gral J, €=1/2 for half-integral J, N = 1), can be defined.

Si+S.-e '
INam; -0 ) ) (A.12)
i%j

1
JMAL A, = 7={ | IM;A A L) + MM.M. (-1
pII g = L [IMsA A D + My (1)
The matrix element connecting two states of definite parity is

found using A.ll and A.12.

Sc+S-¢ ’

Jn s | : ¢C™p™ 5 -
Gepsas = Scojas T MeMp¢-1)  Ccopjas (4.13)
: Equations A.7-A.13 hold for the corresponding t-channel quantities. For
clarity we use f and F for t-channel amplitudes and g and G for the s-channel

amplitudes as above.

Finally we list some properties of the d-functionms.




-

J m-m' .J J J
‘dmm'(e) = (-1) dm“m(e) = gm'-m(e) = dm"m(-e)
= (07" ) = ()T ) (A.14)

+ -
B. The woﬁw ﬂ no Decay Angular Distribution .

The use of the decay angular distribution of the three body decay

of a resonance to determine the possible spin-parity assignments for the

96

23
resonance has been described by Berman and Jacob. Their approach is quite

general, and if the spinéparity of the resonance is knéwn, the angular

24
distribution in terms of the density matrix elements can be found. Rather

than take this general approach, we use our knowledge of the decay amplitude

. to generate the decay angular distribution.

4

. : O+"O‘,
The matrix element for w-—-m mm is
€e*n _ (B.1)

, o - 0 N " .
in the @ rest frame. ¢ is the w polarization vector, and n is the unit
normal to the decay plane.. - (We have ignored the dependence on the Dalitz
plots variables, i.e., on the pion 3-momenta). In a right-handed coordinate
system

fi = (sinBcosyp, sindsing, cos8) ' (B.2)

, , )
and in terms of spin components for a pure w state «



A

- o o o
e = Cl€+ + C_le_ + Coeo- (B.3)

where Ci is the probébility amplitude that the o’ has z-component of spin =
-1 .
and ei = +';§(l,il,0), €, = (0,0,1). Thus
. < . °’l' o |
gen = - —sind e™ 4 = ging 7P + Cgcose (B.4)

W2 V2

" The angular distribution is. proportional to Z.palg-ﬁlz. The «°
. . . e o % o o« ? 1
spin~density matrix elements, pij =5 Ciij where p 1is the probability of
: | o

being in pure state & y

We now find

sinze ' sinze sinze =21itp
—— e

. 2
“w(B,o) ~ Py > + p_l-l -—§—~+ PoocOs g - 1.1 >

*E

. . . 2 . . .
“010 s1ij;ose e-l@_pm11 51; 8 eZMp + b1 s;ij;ose oL
sinfcos 1Py sinBcosH o-le (B.5)

Po1 JZ Po-1 Jz

If the z axis, i.e., the spin quantization axis, lies in the w  production
m-m*

0

plane (see Appendix C), thenp1nml = (-1) em?

Also the density matrix is Hermitian so

%
Pom =~ Pm'm

Using these two relations
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i,
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98
w(®,p) ~p sinze + P cosze - P sin26c032 mZJE Rep éin@cosecos
P 11%% 00 Pra1 Pwe BP0 @

l-p . '
where pll = 200 by the unit trace requirement, and plal is real.

Normalizing w(8,p) we finally find

| 3 2 2 2 .
w(6,p) = ZF[pllSln O+pgpcos ewplm151n’9C052¢wJ§ Re 0,0 sin28cosp] (B.7)

C. Properties. of the Spiﬁ 1 Density Matrix

As in the main text, and Appendix A we consider the two body '

reaction AB-CD. In terms of the t-channel helicity amplitudes

7/

%
Pyrs = Z £ o anfey e, (C.1)
AN . ARC ch;AB CX sAB \
- in the Gottfried-Jackson frame.
From A.11,
A-B-(C-\) y(\'=C)-(A-B)
Byt = 2 (=1) E_,,_,_(-l) ' Ln 0. AL
TAA ABC ~C=\;=-A-B : C-\';-A-B
A=At %
= (=1) = f . f ',
ABCnC-X,-A-B -§~x;,pA-B
A=0t %
= (-1) r £ 3 £ At
ABC C-\'AB C-\';AB
_ o AAT o . -
= (~1). Pyt ‘ : (C.2)
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The only restriction in deriving C.2 is that the scattering takes

place in the x-z plane. The Jackson-Gottfried frame satisfies this cqndition.

For a spin one object, we find

.pll = p_l;ls

P10 T "P.10;P9.1. T Pa1re

Since the spin-density matrix is Hermitian and has unit trace

Pog = 1=P117P.q1.1 = 1-2eq;

¥
_ % _ %
10 ~ Po1 T "Pp-1
;,- - * * 3 l
' P1-1 = Po11 T P11 1s rea
Thus
P17 P10 Pi-1
~ _ E3
p = P10 Poo P10

where,poo = 1-2p

v11’ and 11> P1-1 arevreal.
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