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The failure of the Treiman-YRQg test of one-pion exchange in the reactions E p Xox04++

and X+ vr 4++ for c.m. energies fxom 2.5 to 5.0 GeV is shown to have a simple dependence on
%8 find Rn exnp1r1cRl dyQRxnlc 8 axis with x'espect to which the 4-meson RngulRr distribu-

tions are independent of azimuth. This axis, which depends on t, ie seen to be equivalent to
the axis of Donohue Rnd Hogaasen in the neighborhood of the E*(0.89).

In a calculation based on the absorption model of
Gottfried and Jackson, ' Donohue and Hdgaasen' sug-
gested the use of a "dynamic" x'eference fxame in
%'hich the density matrix descr1blng the decRy of R
vector meson (e.g., p or K*) is diagonal. This
frame differs from the usual t-channel (Jackson)
frames by a rotation. Experimentally, such effects
have been noted in several final states4 of reac-
tions induced by n+ mesons and photons on hydro-
gen. We fix'st noted the rotation in a sample of
4850 events of reaction (1a) and V03 events of reac-
tion (11)at V.3 GeV/c,

K+P K n' 4++, (la)
K+p E 71 4++ . (11)

Yo confirm the existence of the effect Rnd to look

at the 8, t, and M~, dependences, me have used
the world E'p collaboration data' consisting of
3V 153 events of reaction (la) and 6593 events of
reaction (11). We note that analogous effects,
puma facie, have been understood in the angular
distribution of photons px oduced by inelastic seat-
tex'lng of protons on nuclei; R simple model leRd-
ing to the same effect in inelastic e-nucleus scat-
tering eras described by Inglis' Rnd this rotation
was observed in many experiments. '

If one assumes that a single-pion-exchange mech-
anism dominates the low-momentum-transfer
[t=(P,„t„-P~)s] region of reactions (1), as in Fig.
1(a), then an appropriate coordinate system in
which to study the final-state E-meson angular dis-
trlbutlon wRS defined by JRckson such that the
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K+ K+

&+0& system is at rest, the z axis is along the
incident K+ (viewed in this rest frame), and the y
'axis is the production plane normal [defined here
as (px Z)/[px Z~]. Most Kw scattering studies
have considered angular-distribution moments of
K,„,as functions of M~„and t, and have attempted
to extrapolate them in t to the pion pole to de-
scribe on-mass-shell Em scattering, or have ex-
trapolated partial cross sections. "

A persistent and troublesome aspect of this topic
has been the presence of significantly nonzero mo-
ments with m e0. These appear to vanish as

~
t [-

minimum, as they must since the production plane
loses definition there. These moments describe
azimuthal asymmetry which can be seen in the
Treiman-Yang angle plots of Figs. 1(b) and 1(d).
The only cut made in the data was to select 6, ',
1.13 & M„+~ ~ 1.33 GeV/c'. Unadorned pion ex-
change would predict both distributions to be flat. "

To demonstrate the origin of the anisotropy of
Fig. 1(d) we made a further cut on the data to se-
lect X*(0.89) (0.84 & I„„&0.94 GeV/c') in reaction
(la), and for three choices of momentum-transfer
cutoff we plot the cos8 distributions in Fig. 2(a).

The corresponding Treiman-Yang distributions are
shown in Fig. 2(b) and one notes that the anisotropy
diminishes at small t'=f-f . Figures 2{c)and
2(d) show the Treiman-Yang distributions sepa-
rately for the backward (cos8& 0) and forward emit-
ted K's, respectively. Significantly, these peak at
Q = 0 and 180; respectively, when the t' cut is
large. A similar effect would obtain if one de-
scribed the distribution in longitude of ice at the
earth's north and south poles but used a z axis in-
tersecting the Arctic circle instead of the axis of
rotation.

To show that this shift of symmetry axis is the
origin of the anisotropy in Figs. 1(d) and 2(b), we
tried to define a suitable z' axis to study the Km

angular distributions. The work of Donohue and
H5gaasen is strictly applicable only to the p-wave
part of the Km scattering amplitude, since it is
based on diagonalizing the real part of a 3 ~ 3 spin-
density matrix. Nevertheless, we have, as a first
approximation, calculated the angle 8 by which the
dynamic z' axis is rotated about the production
plane normal with respect to the Jackson z axis in
the Kv rest frame using the formula (2d) of Dono-
hue and Hogaasen:

(2)
00 ~11 ~l, -j.

K+p- Knox~

80-

I60- 160-

120-

(b)
i

j

0' 60' 120' I80'

400-

K+p-K'~ ~++

40-

()
-I

800-

600-

80

Gos 8

0
60' I20' IO'
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l20-

0 I I I I I

0' 60' I¹ l80'
I

()

Cosa 0' 60' l20' I80' 0' 60' IPO' l80'

I~I z(G~ic) 8(I

/It'I .os~

Z - t (.055

FIG. 1. (a) Diagram for elastic and charge-exchange
virtual x-K scattering. (b) Treiman- Yang angle (folded
with respect to the production plane) at the Kx vertex for
K+P X x 6++ at 7.3 GeV/c. (c) Jackson angle at the Xz
vertex for X+P %07(.OE++ at 7.3 GeV/e. (d) Same as (b)
but for% m E++ final state. (e) Same as (c) but for
E+m Q++ final state.

FIG. 2. (a) Jackson angle for X+p X 04++ at 7.3
Gev/c with cuts on momentum transfer of

~
t'( & 0.2,

0.065, 0.035 (GeV/c)2. (b) Treiman-Yang angle (folded)
for the same cuts as in (a). (c) Treimab-Yang angle
(folded) for the events of (a) with cos8& 0. (d) Same as
(c) but for cos8) 0.
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FIG. 3. (a) Donohue-Hogaasen angle for E+p K*(0.89)&++, K* K+m at 7.3 GeV/c as a function of momentum trans-
fer above kinematic cutoff. Mass cuts: 0.84& M«& 0.94 GeV/c; 1.13&M~+p &1.33 GeV/c . (b), (c) Colatitude and azi-
muth for events of {a) using the "dynamic z' axis" (see Ref. 2). The azimuth is folded with respect to the production
plane. (d), (e) Same as (b) and (c) but for the K n final state. (f), (g), (h), (i) Same as (b), (c), (d), (e) but using the
Jackson axes.
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of the text. (e)-(h) Same for the Jackson frame. The K+x data alone were used to determine the dynamic z' axis.
Mass cuts: 0.84&M+~& 0.94 GeV/c, 1.13&M~&& 1.33 GeV/c '.
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O.l-
—(Re Y')

s I I s s0 I I I

-(Re Y,')
'

0 m, ,+t-t tti

0.3-

To determine the dynamic z axis in this way is es-
sentially an ad hoc procedure and does not reveal
much about the physical reason for the rotation,
which if one believes the nuclear-physics analogy,
is connected with the fact that our incident par-
ticles, n at the Km vertex or m' at the pz' vertex,
are not free-particle states, but should be de-
scribed by a distorted plane wave. The results for
8 as a function of t' are shown in Fig. 3(a). The
hand-drawn curve in that plot is a smooth approxi-
mation to the data.

When we use a z' axis, determined for each
event as a function of t' alone based on the curve
of Fig. 3(a), we obtain the cos8' and s)s' distribu-
tions of Figs. 3(b) and 3(c). These are shown for
all the events and also for the subsample with
cos8'& 0. The pile-up at s)s'= 0 is considerably di-
minished for the "elastic" events [reaction (la)] .
Similar results [Figs. 3(d) and 3(e)] hold for the
charge-exchange events [reaction (1b)] . Figures
3(f), 3(g), 3(h), and 3(i) show these distributions
using the Jackson z axis. Qualitatively, the net
Treiman-Yang distribution for the charge-
exchange reaction is nearly flat because the peak

O.I— O.I—

-(ReV,')
0 ~sT

at Q =0 for forward emitted K"s nearly fills in the
depletion at s)s =0 for the backward K"s. This can
happen since the forward and backward peaks are
almost eslually populated [see Figs. 3(d) and 3(h)].
For the elastic events, the front-back asymmetry
is large (-2: 1) so that the forward and backward
poles do not compensate each other [Figs. 3(b) and

3(f)] . We show identical and more convincing dis-
tributions for the world data in Figs. 4(a)-4(h);
the z' axis was determined by a procedure de-
scribed below.

Next, we see what happens to the K~ moments
for the 7.3-GeV/c data. Figure 5 shows the (Ys)
moments for 1& 3 &4; m &1 for the Jackson axes.
All the (Y",) moments are nonzero over substan-
tial M~, ranges, for this choice of momentum-
transfer cut,

~
t')& 0.5 (GeV/c)'. The same mo-

ments, using the dynamic z' axis are plotted in
Fig. 6. The (Y,') moments here are consistent with
zero except near Mr„= 1.4 GeV/c'. The (Y',) mo-
ments are qualitatively the same as Fig. 5, al-
though the magnitudes are somewhat larger, espe-
cially for l= 3,4. Since these moments involve
higher powers of cosa they are more sensitive to
a misalignment of the z axis. It is significant that
this rotation reduces the magnitude of every (Y', )
moment and increases all the (Y',) moments
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FIG. 5. K+7t angular-distribution moments for K+p
K+g Q++ at 7.3 GeV jc in the Jackson frame. Cuts on
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throughout the range of M~, .
To describe the rotation in a wider region of

M», than just the P-wave K*(0.89), we use the well-
known transversity frame, taking a polar axis f as
normal to the production plane, ( as the incident
K' direction, and q=gx $. 8, is the colatitude of
the outgoing K meson in the neutral Kw frame mea-
sured from the g axis and Q, is its azimuth in the
g-q plane. In Fig. 7(a) we show the Q, projection
of our K*(0.89) —b,"events at 7.3 GeV/c. The
strongly polar Jackson-angle distribution shows up
here as a double-peaked structure, and the fore-
aft asymmetry is manifest in the unequal heights
of the Q, peaks. What is shown clearly in Fig. 7(a)
is the Donohue-H(igaasen rotation: The P, peaks
are displaced from the +g axes by approximately
+20'. To be certain that the rotation is about our
f axis, we show the cos0, distributions for "for-
ward" K's (-70 & Q, & 110') in Fig. 7(b) and for
"backward" ones in Fig. 7(c). No displacement of
the poles of the distributions from 0, =90 is detect-
able. Returning to consider Q„Fig. 7(a) suggests
an empirical way to measure the rotation Q, need-
ed to make the distributions show peaks at P,'=—Q,
—Qp values of 0' and 180'. Namely, we minimize

,( ) ~ [&,(y.')-A, (-y.'))' (3)
N, (Q,') +N((-p,')

We first worked with the K*(0.89) band since the
results may be compared to those from equation
(2) and statistical uncertainties are small. We
used events from the world K' collaboration data
tape of 1970 including our 7.3-GeV/c data (37 200
K'w b,"events). From the UCLA data alone [Fig.
3(a)] it is clear that Qp rises rapidly with increas-
ing t' near t'=0. Therefore, we selected 0.05
&

I
t'I& 1.00 (GeV/c) ', and determined Qp as a func-

tion of vs . We used 10 bins in Q, so that )('(Pp) is
based on 18 degrees of freedom. The errors quot-
ed in the following measurements are for a 10%%up

confidence level ()(a =26). In each case, the best-
fit g' was less than 20, corresponding to a confi-
dence level of 35%%up. In Fig. 8(a), where we show

Pp vs vs, there is evidently no detectable depen-
dence on Ws between 2.5 and 5.0 GeV. We there-
fore combined all these experiments to look more
closely at the t' dependence, shown in Fig. 8(b) for
the K*(0.89) band. A straight line would evidently
fit these data very well; its equation is

pc[in(t'/tp')] = (19'+2') +(7.4'+ 1.7')ln(t'/t, '),

out

S

K,„t fp xi

where t,'= 0.1 (GeV/c)'. In Fig. 8(c) we plot )('(Qp)
for the points shown in Fig. 8(b). All of these cor-
respond to confidence levels greater than 70%%up.

The P, distribution is given in Fig. 8(d) for 0.04
&

I
t'I& 1.00 (GeV/c)'. A value of Qp for s near

threshold was determined in a preliminary sample
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FIG. 8. (a) Kn. symmetry-axis rotation ($0) with re-.

spect to the incident K+ as a function of ~s. Data are
from Refs. 5 and 12 in addition to our point at v s =3.9
GeV. Cuts: 1.13 & M

&
& 1.33 GeV/c2; 0.84 & Mz & 0.94

GeV/c; 0.05&I t'I &1 (GeV/c) . (b) $0 aa a function of
t' using the data in (a) for which v s & 2.5 GeV. (c) Mini-
mum g2 [see text, Eq. (3)] for the (Ij)0 values of (b). (d)
Distribution of P (see text) for events used in (b) with
the additional cut 0.05& It'I &1 (GeV/c) . (e) Same as (d)
but for the d-wave K*(1.4). 1.3&ME+~ &1.5 GeV/c2.
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of reaction (la) for vs = 2.2 GeV." This point is
shown on Fig. 8(a) and it suggests that P, may di-
minish at threshold.

Equivalence of this rotation by P, with the Dono-
hue-H6gaasen rotation is seen empirically: (1) &oth
rotations are about the production plane normal.
(2) The m x0 moments now vanish [(ReF,') = 0.0
+0.002, (ReF'2) =0.001+0.002, (Rey', ) =-0.003
+ 0.002 for 0.84& Mr, & 0.94 GeV/c' and !f'!& 0.1
(GeV/c)'. For the same cuts (Y',) =0.190+0.003
and (F',) =.0.081+0.004.] (3) Consequently, the P
distributions [Figs. 4(b) and 4(d)] are flat. (4) The
density-matrix elements calculated from (F',),

(Re F ',), and (Re F',) are Rep» = -0.003 + 0.006,
pl l 0 0 + 0.006, and p» = 0.838 ~ 0.005, so that Hep
ls diagonal.

The situation for other M~„ intervals is less
clear. Qualitatively, it is apparent that a sym-
metry-axis rotation occurs in Fig. 8(e) which
shows y, for the d-wave K~(1.4) region, (1.3& I»,
& 1.5 GeV/c'). The forward and backward peaks
are displaced from 0' and 180; respectively, by
10 -20 . The distribution is not, however, as sym-
metric as Fig. 8(d) for the K*(0.89). There is an
excess of events in Fig. 8(e) in the region 30'& P,
& 120; the effect of which on our determinations of
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TABLE I. Rotation of the symmetry axis for the K+m system as a function of
ME and t'. For g (((t)p) & 20, the error in (It)p corresponds to g =y (Qp)+10. For y
& 20, the error in Qp corresponds to y =26 (10% conQdence level).

/c2) 0.84-0.94 0.94-1.1 1.1-1.3 1.3-1.5

4p

(deg) X2
4p

(deg) X'
4p

(deg)
4p

(deg)

0-0.02

0.02-0.04

0.04-0.08

0.08-0.16

0.16-0.32

3+3 9

9+47 12

2+13 10 11+20 12

13+15 9 17+ 20 g

7+5 16

9+5

15+ 5 6 21+ 8 12 23+ 25 19

20+5 8 19+ 5 22 28+20 4 11+5 25

25+4 17 32+ 11 36, 38+ 10 25 18+ 6 34

0.32-1.28 32+(( 5 52+4 45 62+ 5 33 45 67

4I, is to yield large values for )('(4I,); the excess is
more severe as t' increases. This "right-left"
asymmetry is difficult to reconcile with any simple
model of 7t-K scattering, and is more likely the
result of n 6" final-state interactions. In fact,
there are peaks in the M, -z,++ distribution of
events in the forward region -60'& 4I, & 120 (not
shown) near M„n—- 1.5 GeV/c' and M„~ = 1.68
GeV/c', where N*'s are known to have substantial
Nmm and mb, decay rates. These N*'s are much
less significant in the M, z, distribution for the
K*(0.89) events, even though the kinematically
available M,~ region is nearly the same.

Figure 9 presents a qualitative picture of the
Mx„and t' dependences of these 4I, distributions.
Table I summarizes the results for Ip, and )('(4I,).
We see that the distributions retain "right-left"
symmetry as I

t'I increases, in the region of the
K*(0.89), if the "forward" direction is taken as

In the other Mx, regions, the IP, distribu-
tions all lose right-left symmetry for I

t'I& 0.1
(GeV/c) s even with respect to a shifted axis. We
suggest that the P-wave K*(0.89) is sufficiently
long lived that it dominates the Kn angular distri-
butions while the region much above M~, = 0.94
GeV/c' is seriously distorted by overlapping N*
—m 4" decays which naturally produce the ob-
served right-left asymmetries as

I
f'I increases.

Unless this kind of background can be reliably sub-
tracted and until the symmetry-axis rotation is tak-
en into account, there is' little hope of extracting
Kw scattering amplitudes from the angular distribu-
tions. The problem of overlapping n 6" final-
state interactions does not necessarily vanish as
t'- 0; experimentally, the right-left asymmetry
which could partially resolve that interaction from
the Kw interaction, goes to zero because at t'= 0
the n 6" effective mass depends only on the Jack-
son angle 0 and not on the Treiman-Yang angle Q.
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FIG. 10. (a) Treiman-Yang distribution at the ~+P

vertex. Cuts on data: vs=3. 9 (present experiment),
0.84 &ME+„-&0.94 GeV/c2; 1.13&M~+&&1.33 GeV/c;
I
t'I & 0.5 (GeV/c)t. (b) Distribution of p, (pII+) (see text

for definition). ft)~ (pr ) = 0 for outgoing protons parallel
to the incoming target proton [ $(p7(+) axis] . Same events
as in (a). (c) Same distribution as (b) but using K col-
laboration data with Es & 2.5 GeV (Ref. 5).
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It is of interest to examine whether a rotation of
the symmetry axis is present in the m'p system.
The p'P azimuth,

rest frame: m'P,

axis P target

y axis =K~ xK+v /~ K~ xK+v ),
shows a slight pile-up at Q = 0', as seen in Fig.
10(a), similar to the K' v Treiman-Yang distribu-
tion. We selected here our K*(0.89)n+' events

with
~

t' ~& 0.5 (GeV/c) '. As at the Kv vertex we

use the production-plane normal as g axis; the

$(vP) axis is taken as the direction of the target
proton viewed in the pv' frame. In Fig. 10(b) we

show the Q, (pv') distribution for these events. The
peaks in this distribution are not so prominent as
for Q, (Kv), Fig. 8(d); however, a similar rotation
of the symmetry axis appears to be present here
and in the combined K' collaboration data as
shown in Fig. 10(c).

One aspect of these plots leads us to look for
non-6" effects, however: namely, the fact that
the valley at Q,(pv') = -90' is deeper than the one
at P,(pv") =—+90'. This corresponds to a "right-
left" asymmetry similar to the one in Fig. 8(e) but
more pronounced. The cause of the asymmetry be-
comes clear when we plot P,(Pn+) for small M,~
ranges and distinguish events where the m' and the
K* are in the Q region, 1.1& Mx+, -,+ & 1.4 GeV/c'.
Figures 11(a)-11(f)show these plots; the Q events
populate mainly the quadrant from -20'& $,(Pv')
& 70' and clearly distort what might otherwise be
interpreted as off-shell m'P scattering. Judging
from the Mx„spectrum (not shown), the actual Q
signal above background is about —,

' of the events
shaded in Figs. 11(a)-11(d).

For comparison, and to estimate the size of this
distortion, we calculated Q, for on-mass-shell
n'p scattering, "and normalized the calculation to
the backward peak [P,( pv') = 180'] of the lowest
(1.13& M, +~ & 1.18 GeV/c') region in which the Q

overlap is least significant. The resulting curves
are shown on Figs. 11(a)-11(f). If we look only

at the backward peaks, there are more events in
the regions -180'& Q,( pv)& -130' than in the ones
130'& P,(Pv)& 180', and these consistent though
small deviations throughout the 6 region suggest
there is a symmetry-axis rotation. The forward
peaks are sufficiently distorted by the overlapping

Q events, however, that we cannot measure the ro-
tation. From Figs. 11(e)-11(f)it appears evident
that since the decay angular distribution contains
only a forward peak in this M,~ range, there is no

way to differentiate between a Donohue-HOgaasen
rotation at the m'P vertex and a low-mass final-
state interaction Q- K"'m'. As noted above, this
problem becomes more severe at small t'. At
zero t', the t-channel, helicity, and Donohue-
Hdgaasen z axes all coincide; thus the data peak
for Q,(pv') =0 and 180', and the Q populates the
peak at Q, = 0 . These particular overlapping ef-
fects would be resolved at higher beam momenta.

CONCLUSIONS

We have found a striking regularity in the angu-
lar distributions of reactions frequently interpret-
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ed in terms of Kvt scattering in a single-pion-
exchange model: The outgoing K's, in the Kn rest
frame, are distributed symmetrically not about the
"incident-particle" direction but about a direction
rotated on the average approximately 20' in the
production plane with respect to the incident K'.
For the P-wave K*(0.89), the amount of rotation is
nearly independent of s; it is zero for minimum
momentum transfer and roughly logarithmic in t'
for

~
t'~) 0.02 (GeV/c)'. A rotation is present for

other Kw effective-mass regions, but knowledge of
a detailed dependence on M~, has not been possible,
owing to the presence of overlapping N*- 71 4"
decays.

The effect of this rotation is probably less impor-
tant in cross-section extrapolations than in extra-
polations of angular-distribution moments. Since

the symmetry axis shifts rapidly in the region
~

f'
~

& 0.04 (GeV/c)', it is not clear that an ad hoc extra-
polation of angular-distribution moments is ade-
quate tp gp from physical values pf t tp (=+M„g .
A more fundamental problem is to distinguish K~
scattering from a m ~" final-state interaction, or
at the lower vertex, m'p scattering from the Q.
We have seen that a relatively small Q signal ap-
preciably distorts the m'p angular distribution.
The lack of right-left symmetry in the P,(Kv) dis-
tributions outside the K*(0.89) region indicates
that final-state N*- m 6" decays produce a non-
negligible effect on these distributions. Within the
K*(0.89) region, the p, distribution has right-left
symmetry for essentially all values of t' once one
chooses what is equivalent to the Donohue-H5gaasen
coordinate system.
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