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A considerable amount of information can be extracted from the
bubble chamber data for the quasi two-body reactions T p - K*(11 ,Z) and
Kp- (w,9,8)(A,Z). To illustrate this we analyze the data for
1T_p i K¥°/1 at 3.9 GeV/c and show how the angular correlations of the decays
of the K*° and /\ may be used to determine, apart from two phase factors,

the six amplitudes for the production process.

For vector meson production four of the six amplitudes arise -
from unnatural parity exchange. These processes are thus important for'gaining
insight into unnatural parity exchange mechanisms. The most interesting such
process 1) is Tp - SCHL However, a model independent determination of the
TT—p-» gon amplitudes will require the use of a polarized.target. Here we
stress that the decay angular correlations for the hypercharge exchange reactions
(e.g.y o~ K*OA ) contain the same amount of information without the use

of polarized targets.

Before presenting the amplitude determination we give a conventional
moment analysis of the angular correlations. In terms of statistical tensors

the joint decay probability distribution is of the form 2)

T X
WCRHXAE Z FOVEGT, ) Y(e.,ff))'(e,, 4) (1)
T, MT, My Ve

where the Fi are known constants. For our process 91, ¢1 are the angles
specifying the proton from the A decay (J < 1) and 6,, #, those for the
K from the K¥* decay (J2 < 2). One may choose the two systems of axes as
either (i) helicity-type axes ir which the =z - axes are along particle momenta
and the y axes of both particles are normal to the reaction plane, or (ii)
transversity-type axes in which the 2z axes are chosen normal to the reaction
plane and the x axes *) are along particle momenta. ;These alternatives are
related simply by relabelling the axes : (xT, Yo zT)I= (Zﬁ, xﬁ; yH). To

complete the definition of axes we must specify a frame for the particle

*) 3)

Sometimes these are taken to be y axes, see for example Kotanski , and
then (XT, ~Yp» zT) = (XH, Z yH) where the minus sign is inserted to

maintain a right-handed set of axes.
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momenta. The most useful choices for gz (or xT) are (i) along the particle
momentum in the s channel centre-of-mass frame, that is zHCA ) = -zH(K*),

or (ii) along the incoming meson (baryon) momentum in the decaying meson (baryon)
rest frame. These alternatives, whiéh are bften called the s channel (or heli-
city) frame and the t channel (or Gottfried-Jackson) frame, are related by
rotation through an angle %} (s,t) about the normal to the reaction plane.
Observable quantities which are independent of such rotations about the normal

for both baryon and meson frames, we call frame invariants. Besides their

obvious use as consistency checks, we will consider a set of invariants which

have direct physical interpretation.

Transversity statistical tensors transform under rotations about

the normals in the following simple way

- - - M
Tnu My ) Q/XP( M‘%‘ 2%) _}_M\ M, (2)

and so offer an easy way of counting the number of frame invariants. Here
*
$(1,1}'2 are the rotation angles of the axes for the /1 and K decays

respectively. Now parity conservation in the production process and in the

K* decay require that transversity tensors with M1 + M2 odd or with J2

odd must vanish. This together with the Hermiticity condition

75 Y\ M+ My LA
] = (=) 7
M. Mz —M\ -M)_ (3)
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leaves the following measurable tensors : Too’ Too’ Too’ Too’ T11, T02’ TOZ’ T_11.
Hermiticity requires tensors with M, = M, = O to be real and so there are

1.7 72
altogether 12 measurable quantities (we shall see that 10 are independent)..

Now the moduli of transversity tensors are unchanged by rotations [%ee Eq. (22]

and thus there are eight frame invariants.

In the top half of Table I, we give the helicity statistical tensors,
expressed in terms of double density matrices, determined from the decay correla-
tions in ff_b *'K*o/\ at 3.9 GeV/c. In this paper we normalize the cross—-section
(the twelfth measurable) to 1. The data *)are those of Ref. 5) where the

* -
) The events were selected by imposing the following cut on the (K+7V ) effect-
+ -
ive mass 0.868 < M(X T ) < 0.920 GeV. The A polarization quoted by

4)

Aguilar-Benitez et al. was obtained by imposing a slightly different cut

on these events.
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*
cross-section is given. No S wave contribution in the K region was

necessary to reproduce the available decay distributions and reflections
-

] are suppressed since this reaction has double charge

from W p — Ky

exchange.

The connection between helicity amplitudes and the helicity tensors
of Table I is complicated. However, Byers and Yang 6) advocated using a
Cartesian; rather than a spherical basis for the joint decay distribution of

Eq. (1) since it leads to a relatively simple expansion in terms of amplitudes :
’ ! 1 =
_ p' By B
W= F ovan(¥Rap fey'

where o/ is the 44 decay asymmetry and

gu—

= E.)“*Ez/“l* Esvl+ru>‘/"+ﬁs>“’ *Fie/“’

3

( X',‘/A', VY') ana (A D/"V) are the direction cosines of the proton from
*
the /‘ decay and the KX from the X decay in their respective transwersity

frames. 1In terms of transversity amplitudes the 12 non—:?niShing *) Fij are
2 — *
Fm = )b+|z * HD-. "oq:lg‘l({h C:-)— +b_C‘ )
Fo?. = 'C.\.lz + lc-lz F‘ﬁk =—2'22(h4 C:- b C.*)
2 2 * *‘b)
Foy = lal"= Lo Frs =2 Re (diby + o -
¥
Fao = - llul'+ bl Fs =2 Im(a,b, « D) ®

Fas = — \e, )+ le-)* Fie = 2 Re La..,ct ‘& c.)

1l

N X X
Fas = lael= el Re=2 Im(ascy +dc)
with
o cl(hie) =T s Albyeics)= T, @
sz Tear —plhnt%)= Ly o Flbetica)= Ly
*) We normalize Fo1 + F02 + F03 = 1, use the Basel convention for the direct-

tion of the normal, and the Jacob and Wick phase factor (—1)S—) for the

baryon helicity states.
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where the suffices on the transversity amplitudes TA N denote the spin
projections along the normal. We see that the 12 observable moments determine
10 real numbers 6) ; those in the first column determine all the magnitudes of,
and those in the second column the relative phases within, the two sets of am-
plitudes (a+, b, c+) and (a_, b_, c_). We call this the moment method for

determining the amplitudes.

The helicity amplitudes are linearly related to these amplitudes
|

|

H,o + H__ ¢ (ag +4a2)
!

H_:_ - H_+ = —(.q-('—c(‘)

(+ ‘ '
Ho o= }Lz(b**h-) H,.o H_= ‘(C+*C-) (7)

++ iy

\ ! . _
oz ti(aeb)  H o+ H = -i& c-)

1]

(6)

At high energies the amplitudes are associated with definite
exchange parity : a, describe natural parity exchange [é.g., K*(1_),
K**(2+II, whereas bi and c, respectively describe the production of
helicity 0 and 1 K¥'s by unnatural parity exchange [é.g., K(O_),
KB(1+), KA(1+) and KZ(2-Z1. Angular momentum conservation implies a

(—t')n/z behaviour for H§/A with n = |m - A +)ﬂﬂl.

Since transversity amplitudes only suffer a phase change under
rotations about the normal it is straightforward to identify measurable
frame invariant combinations. We show a choice of nine such quantities

of which eight are independent

loax et = Foz

:: ; [b4\2.t lb_lza‘ lC,,l‘ -Q-[C..\l = For + Fo2
Pvov = lsi- |a-1* = Fas -
2 e ‘:- F: %
Pooy = |b_12= [bal® ¢ e -4l 31 t Fs) .

* e2 * \2
ZS} t; hag lk ]:*:;(t)1:<:;:) - L§ .f‘ &;_ - (“ﬁ;‘+ ) . .
2 2 4 (\B,,,]u\b-\l)uc*ll.glc_\l) -b Rez (becitb_c): LR, Foz" [-;“
IE pi e telaCbetiolealtoos il = (Fis 3R T (s 2 )
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where fﬂi: = %(Foi FF The normalization factors, chosen so that the

310"

invariants Ao’Ad: and I, 1lie between O and 1, are

»(l»« v) Cu

N+ =
n, - n.
At high energies (i.e., to order 1/s) O,y end Py are the cross-
b ?

sections and polarizations arising from natural and unnatural parity exchanges.

The further separation of the O~ into helicity zero (O‘ =F 1,P G'

. 1 1U 1 * . 31)
and helicity one (O‘U = Fo2’ PUO'U = F32) K production is not frame inva-
riant. The invariants A:\: have a similar structure to polarizations and
measure the phase between the unnatural parity exchange amplitudes associated
with helicity O and 1 K* production.

It is straightforward to express the invariants in terms of helicity

moments, and those depending only on the meson decay are easily recognieable
- + - -
on: €S- %03 Roo * 8u = Sim

A, oy = 1[ goo(gll'gl-‘) _2(QQQ|O‘)1]V2

where, as before, O’ + O"U is normalized to 1. Ao is well determined
experimentally and has an interpretation as the unnatural parity exchange
contribution to the polarization of the vector meson averaged over baryon
spin. From moments alone the signs of A:i: and Ao cannot be determined
directly. A is zero when meson helicity O and 1 amplitudes are
coherent in phase and baryon spin structure and A o is 1 for incoherent

amplitudes of equal strength.

The numerical values of the invariants (O' u? A ) for
- p K*° /1 at 3.9 GeV/c are shown in the lower half of Table I together
with the values of O U’ 0'[1], P° and P . A and Ii are not adequately

U U +
determined by the moment analysis with present limited statistics.
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The moment method allows the magnitudes of the amplitudes ai,

bi and c, to be determined and the results are shown in brackets in Table II.
In principle the four relative phases can be determined from four of the moments
on the right-hand column of Egq. (4), with the remaining two moments used as
cross—-checks and to resolve ambiguities. We had insufficient statistics to

pursue this method which does not use the information contained in the moments

optimally.

We preferred to express the probability distribution directly in
terms of the moduli and relative phases of the amplitudes and to search for the
set of amplltude components by maximum likelihood. This alternative method,
besides exp101t1ng the data fully, has the further advantage of constraining
the observables (polarizations, etc.) to lie within their physical bounds.

The results of the maximum likelihood search are given in Table II. The errors

on the relative phases are much larger than on the moduli of a,, bi and c, .

From the amplitude determinations we reconstruct the frame inva-
riants P T U” A + (& and Zlo. where we may ascribe the signs of
¢b i' The agreement of these quantities (and [ailg) when evaluated
independently via s and 1t channel amplitudes is a check on the consistency
and precision of our amplitude analysis. We also determine Pg and P& and
these are constrained to lie between 1, wunlike the moment method determina-

tion of Table I.

To reconstruct the helicity amplitudes H, one needs the relative
phase between amplitudes of opposite initisl baryon transversity. This can be
determined by experiments with a polarized target 6). This decomposition into
baryon helicity flip and ron-flip components can also be made using exchange

models. Furthermore, at t' = 0 one has trivially a, = -a_ = +ic+ = -ic_
b = b_ but since our do@+/dt data do not show a clear forward spike, one

cannot assume dominance of n = 0 amplitudes in the 0 < =-t' < 0.2 GeV2

bin.

We can compare our results with simple model expectations and with

data for related reactions. P and O’N can be related to rt'b - KO/\

N
which has only natural parity exchange and where data 7) show a behaviour of

P which is positive for -t < 0.4 GeV2 and negative at larger -~t. PN has

a consistently negative trend and this would imply that the same t channel

mechanism is not present in both reactions - perhaps because of a contamination

of PN for “M p - K 11 by multiple scattering or dbsorptlve corrections due
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to unnatural parity exchange. From SU(3) and the duality diagram expectations
- *

one can relate the amplitude structure of v p — K /\ directly to that of

K-p —’¢/\ which also has a rotating phase structure. Existing data 5) are

indeed very similar for these two reactions.

The large and statistically significant values of Z& o imply at
least two incoherent unnatural parity exchanges. Thus K exchange alone is
insufficient - even with an exchange degenerate K added. One would need

B
K -K exchange contributions in addition. These two types of unnatural

pgritg exchange have different helicity couplings to baryons [}— for K - KB

and ++ for K, - K, inan Su(3) limi{l and ere thus incoherent even if

they have similar helicity amplitude phases (e_lﬂr.c from duality diagrams).
With better statistics and with data at a range of energies and on

related processes, it should be possible to make a quantitative analysis of

the phases, energy dependence and spin structure of the amplitudes. This will

illuminate the features of natural and unnatural parity hypercharge exchange in

a detailed and model independent manner.
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T 0< -t'< 0.2

I3

0.2 < -t'< 0.4

0.4 <

-t' < 0.8

t channel

s channel

t channel

s channel

t channel

s channel

|a,|? 0.0920.13 0.05+0.14 0.17+0.19 0.1740.18 0.09+0.22 0.0740.22

( 0.1120.17) | ( 0.1120.17) | ( 0.1020.17) | ( 0.1020.17) | ( 0.0440.17) | ( 0-.04%0.17)

b, | 0.11£0.12 0.15£0.16 0.03£0.09 0.2020.15 0.1640.20 0.0340.14

( 0.0320.16) | ( 0.1420.17) | (-0.03+0.13) | ( 0.24%0.15) [ ( 0.1620.15) | ( 0-03+0.16)

|c+|2 0.17+0.14 0.05+0.09 0.1740.15 0.0040.31 0.0540.13 0.17+0.21

( 0.2120.14) | ( 0.1120.15) | ( 0.23+0.14) | (-0.04%0.12) | ( 0.06+0.16) | ( 0.19%0.15)

la_|? 0.26+0.15 0.33+0.17 0.32+0.18 0.32+0.17 0.47+0.23 0.48+0.22

( 0.2920.16) | (.0.28+0.16) | ( 0.38+0.18) | ( 0.37+0.18) | ( 0.5%+0.19) | ( 0.53+0.19)

|o_|? 0.32+0.13 0.31£0.15 0.2840.12 0.0740.14 0.1740.19 0.0740.12

( 0.36+0.19 ( 0.2920.18) | ( 0.32+0.16) | ( 0.08+0.14) | ( 0.2240.16) | ( 0.02+0.16)

[e_|? 0.05%0.12 0.1120.10 0.03%0.15 0.23+0.09 0.07+0.11 0.17+0.21

(-0.01£0.14) | ( 0.05+0.15) | (' 0.01+0.12) | ( 0.25+0.15) | (-0.01%0.15) | ( 0.19+0.16)
g;e -0.7 1.1 -3.0 £6.8 -0.2 £5.3 2.5 £78.6 -1.2 2.0 2.4 $4.2
g, -0.8 2.1 0.3 +6.7 -1.4 42.0 -2.9 £79.6 -2.9. £5.2 1.0 7.1
¢;‘b 1.5 +2.0 2.6 £2.5 1.6 +5.8 0.3 + 2.1 -2.3 15.5 1.5 +5.9
’é;c 1.5 +1.0 1.7 +0.7 1.4 £1.4 2.3 £ 1.6 1.9 £1.2 1.2 +1.5
¢;a 1.3 £1.2 0.7 +1.3 0.7 +1.8 -1.8 £ 1.1 1.9 £2.5 -0.5 +2.7
;zsa“b -2.7 +0.8 -1.0 +1.0 -2.2 +1.3 -0.4 + 1.8 2.5 +2.8 -0.7 #2.2
%(:1—0-N) 0.65 0.62 0.50 0.51 0.44 0.45
Py -0.50 -0.72 -0.30 -0.31 -0.66 -0.74
Py 0.12 0.33 0.23 0.22 0.07 0.10
A, 0.63 0.17 0.15 -0.02 0.72 0.48
A- -0.66 -0.87 -0.61 -0.65 -0.86 -0.84
A, 0.87 0.81 0.92 0.94 0.87 0.85
o 0.44 0.46 0.30 0.27 0.33 0.11
ol 0.22 0.16 0.20 0.23 0.11 0.34
Py 0.47 0.33 0.81 ~0.47 0.03 0.38
Pg] -0.57 0.33 -0.66 1.00 0.18 0.01

- TABLE II -
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TABLE CAPTIONS

TABLE I The top half of the Table shows the density matrix elements in
both the t and s channel helicity frames calculated from
moments of the decay correlations in T p — K*OA at 3.9 GeV/c.
The 0, *1 suffices on the elements refer to the K* helicity
and the =+ subscripts refer to a /\ of helicity 3. Pa
is the polarization of the /\ . Also shown are four frame
invariant quantities [defined by Eqs. (8)] and the K  helicity
0O and 1 projections of O‘U and PU.

TABLE__II Amplitude moduli and phases determined from a maximum likelihood
search to the decay distributions for 7€ p — K*/\ at 3.9 GeV/c.
s and t channel frames were used and frame invariant quantities
are lai|2, O“‘U, PN’ PU’A:E and Ao' Relative phases #a:)- ,
etc., are defined as arg(b+) - arg(a+) in the range + €
radians. For comparison we show in brackets the magnitudes

calculated by the moment method.
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