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An analysis was made of the decay angular distribution of rho xnesons produced via
yp -pp by linearly polarized photons at 2.8 and 4.'7 GeV. The reaction proceeds almost
completely through natural-parity exchange, the contribution from unnatural-parity ex-
change for momentum transfers ~t (

& 1 GeV being {3.1+2.2) % at 2.8 GeV and (-1.1 + 1.9) %

at 4.7 GeV. The behavior of the density-matrix elements shows that the rho-production
mechanism conserves s-channel c.m. system helicity for ~t (

& 0.4 GeV .
Previous studies of p' production via yp-pp'

have shown that the cross section is essentially
constant above 2 GeV, a characteristic of dif-
fractive processes, and that the transverse part
of p' production is dominated by natural-parity
exchange' '; also it has been indicated that &-

channel c.m. system helicity is conserved. ' In
this paper we establish that p' production is
dominated by natural-parity exchange and that
it conserves s-channel c.m. system helicity for
(t( &0.4 GeV'.

We studied rho production with linearly polar-
ized photons by exposing the 82-in. hydrogen
bubble chamber at the Stanford Linear Accelera-
tor Center (SI,AC) to the monochromatic Comp-
ton backscattered photon beam at 2.8 and 4.7

GeV. From 2854 events at 2.8 GeV and 2910
events at 4.7 GeV of the reaction

yP P7I' 7T

a sample of -4000 p events was obtained. Ex-
perimental details, mass distributions, a dis-
cussion of the p' mass shift, and p'-production
cross sections for Reaction (1) are given else-
where. '

In this paper we report the results from the
study of the p' decay angular distribution. The
analysis used the formalism of Schilling, Sey-
both, and Wolf. ' We present the results in three
reference systems which differ in the choice of
the spin quantization axis (s axis): the Gottfried-
Jackson system, where the ~ axis is chosen as
the direction of the incident photon in the p' rest
system; the helicity system where the s axis is
opposite to the direction of the outgoing proton in
the p' rest system; and the Adair system, where
the z axis is along the direction of the incident
photon in the overall c.m. system. The y axis
is always normal to the production plane. For
forward produced p' mesons, all three systems
coincide.

We define the following angles'. 4 is the angle
of the photon electric polarization vector with
respect to the production plane and is the same
in the total c.m. system and the p rest system;
8 and y are the polar and azimuthal angles of the
& in the p' rest system. The decay angular dis-
tribution for rho mesons produced by linearly
polarized photons can be expressed in terms of
nine independent, measurable, spin-density
matrix parameters pq" 7' .

W(cos&, y, @)=(3/4&)(a(1 —poo') + a(3p» -1)cos'& —~2Rep»' sin2|) cosy-p, , sin't) cos'y

-I'
&

cos24'[p»' sin'tt + p,o' cos't) —~2Rep»' sin2t) cosy- p, ,' sin't) cos2y j

P& sin24 [~21m-p»' sin28 siny + Imp, , sin'& sin2y]). (2)
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FIG. 1. Reaction yp pp . Rhc&ecay angular distri-
butions in the helicity system for lt I

& 0.4 GeV and
0.6 &M«& 0.85 GeV without background subtraction.
The curves for the cose distributions are proportional
to sin28.

Here, && is the degree of linear polarization of
the photon, which is calculated from the Compton
scattering process to be 94@at 2.8 GeV and 92@
at 4.7 GeV. The matrix elements pqp describe
the rho decay in the case of an unpolarized beam;
the additional terms pqj,

' and p;q' result from the
linear polarization of the photon.

Matters are simplified if we use the angle p
= p-4, which in the forward direction is the
angle between the photon-polarization and p-
decay planes. If the rho is transverse and lin-
early polarized like the photon then in the helicity
system, p,-,'=-Imp]

y 2 and all other p;p in
EII. (2) are zero. In this case the decay angular
distribution is proportional to sin'& cos'Ip. Note
that under these conditions tp becomes the azi-
muthal angle of the decay & with respect to the
rho-polarization plane.

Figure 1 shows the distributions of the angle ~

and the angle g in the helicity system for events
in the rho mass region with j &) &0.4 GeV' where
~ is the square of the four-momentum transfer
between incoming and outgoing proton. The cos~
distributions are proportional to sin'~, i.e. , the
rho mesons are produced in Reaction (1) with
c.m. system helicity +1. The p distributions are
-cos'g and show that the rho is almost completely
linearly polarized.

The matrices p; J, ', pqj, ', and pqq' can be used
to examine the production mechanism; for ex-

FIG. 2. Reaction + Pz.+z . The density-matrix el-
ements poo and p~ ~ and the parity asymmetry I'~ as
a function of M«.

ample, the contributions 0, & from natural-N U

parity [I'=(-1) ] and unnatural-parity [&=-(—1) ]
exchanges in the ~ channel can be obtained by
measuring

(
N V)y( N U) (3)

which to leading order in energy is given by

&a = 2px-c -ppp ~ (4)

The expression (4) for P, is an invariant under
rotations around the normal to the production
plane.

We studied the influence of possible background
by determining the pal, as a function of the»
mass, ~,„, with the method of moments using
all events in a given & & mass interval. Fig-
ure 2 shows the ~„dependence of ppp and py
in the helicity system and that of I',. There is
a pronounced difference between their values in-
side and outside of the rho region. The values
ppp 0 py y

= 0 5 and P, =1 in the rho region
are clearly associated with the production of the
rho.

We took the background contribution into ac-
count by determining the rho density-matrix
parameters through a maximum likelihood fit in-
cluding p', &, and phase space contributions. '
This method was checked by evaluating the p~j,
inside and outside of the rho region and inter-
polating the contribution from the background.
Within errors, the same result was obtained.
Even if a11 events in the mass region 0.60&M„„
& 0.85 Ge V are used without background subtrac-
tion, the values of the pqj, do not change by
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FIG. 3. Reaction + pp . The parity asymmetry P~
and the asymmetry Z as a function of t in the Gottfried-
Jackson, helicity, and Adair systems.
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more than one standard deviation. " We conclude
that the rho density-matrix parameters are in-
sensitive to the assumed form of the background.

In Fig. 3, P, is shown as a function of ~. We
see that rho production is completely dominated
by natural parity exchange up to I t1 = 1 GeV'.
Avera, ging P over the range I tl 1 GeV' we find
the contribution from unnatural-parity exchange
to be (3.1+ 2.2) /0 at 2.8 GeV and (-1.1 + 1.9) % a.t
4.7 GeV.

In Fig. 3 we also display the quantity ~ defined
as'

1 1
II & pll +~l 1

0 0 s+II++& Pii +Pi-i

which has been measured in counter experiments.
Here oil and && are the cross sections for the
pions from symmetric rho decay to emerge in
the plane of the photon polarization and perpen-
dicular to it (&=tr/2, p=&/2, C'=0, and &/2).
Our values of ~ at 2.8 GeV are in agreement
with measurements at 2.4 GeV made at DESY.""

Finally, Fig. 4 shows the density-matrix pa-
rameters themselves, evaluated in the Gottfried-
Jackson, helicity, and Adair systems as a func-
tion of & at 4.7 GeV. The matrix parameters at
2.8 GeV show approximately the same behavior.
We note that the density-matrix elements can be
expressed in terms of bilinear combinations of
helicity or spin amplitudes and that, for example,
p«' and ppp receive only contributions from hel-
icity-flip or spin-flip emplitudes.

We conclude the following from the behavior of
the p~l
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FIG. 4. Reaction yP Pp at 4.7 GeV. The spin-den-
sity matrix parameters as a function of t in the Gott;—
fried-Jackson, helicity, and Adair systems.

(1) The density matrix parameters vary rapidly
in the Gottfried- Jackson system. '" The t-chan-
nel helicity-flip amplitudes increase rapidly with
increasing 1&1. This behavior rules out &-chan-
nel helicity conservation and also excludes a
zero- spin particle exchange without absorption
as the only contributor to rho production.

(2) The p;& in the Adair system also vary sig-
nificantly with t. This excludes' the hypothesis
of spin independence in the total c.m. system for
rho production. "

(3) In the helicity system the helicity-flip con-
tributions are zero within errors up to I &I = 0.4
GeV', i.e., the rho behaves like a photon with
the spin aligned along its direction of motion. In
other words, the rho-production mechanism con-
serves +-channel c.m. system helicity. The fact
that the flip contributions are minimum in the
helicity system is further demonstrated in Fig. 5.
The rho density matrix as calculated in the helic-
ity frame was rotated by an angle P around the
production normal and a least-squares fit made
to find that value of il for which the flip terms

962
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FIG. 5. Reaction + Pp . The angle P for rotation
into the "minimum flip" system as a function of the
c.m. system rho-production angle 8~~. For the curves
labeled G. J., A, and H, see text.
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become minimal, i.e., for which the rho density
matrix is closest to that of the photon (see above).
Figure 5 shows P as a function of the rho c.m.
system production angle ~, together with lines
indicating where the data points should fall if the
flip terms were minimal in the Gottfried-Jackson
(G.J.), helicity (H), or Adair system (A), re-
spectively. For ~, ~ & 25, the helicity system
is clearly preferred.

In summary, rho photoproduction via yP -Pp'
proceeds almost completely through natural-par-
ity exchange and conserves helicity in the &-

channel c.m. system up to
~
t

~
= 0.4 GeV'. We

remark that these features may be general char-
acteristics of diffraction scattering. "
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The y axis is the normal to the production plane, de-
fined by the cross product 4 xP of the directions of the
photon and the vector meson. The x axis is given by
~ =y x z. The angle 4 between the electric vector of the
photon, e, and the production plane in the tota1 c.m.
system is defined by cose =4 (& xy), sinC =y. &. The
decay angles 0, (I()' are the polar and azimuthal angles
of the direction of flight of the 7I+ in the p rest system:

cos8=v z, cosp=y. (z xx)/Iz xzI,

sing =-x (z x~)/Iz xvrI .
R. L. Thews, Phys. Rev. 176, 1749 (1968).
The following Dalitz-plot density distribution has

been used:

BpW{cos8,p, 4) + B~+ - '-Bp~.
P Nh Nps

a&, ag, and a» are the fractions of p, &++(1236), and
phase-space-distributed events in each t interval; 8 &

is a p-wave Breit-Wigner distribution for the p multi-
plied by a factor (m&/M«) (see Ref. 2 for discussion);
Bp is a p-wave Breit-Wigner distribution for the
&++(1236); B&~= const is the Lorentz-invariant phase-
space distribution; N&, N~, and N» are normalization
factors. In these fits the values of the p~l, were not
constrained. Consequently P~ and Z may be greater
than unity.

A further check on the influence of the background
on the values of the p~j, were made by using the Soding
model, which has been found to describe p production
(Ref. 6). We have evaluated the Soding model assuming
for the p production the values obtained from the max-
imum likelihood fit for the density matrix parameters.
An analysis of the resulting z+w angular distributions
shows that the Drell term has no significant inQuence
on the decay angular distribution of the rho.

Z has also been measured by Diambrini-Palazzi
et al. , as quoted in Ref. 4.

3This assumption was made in the "strong absorption
model, " Y. Eisenberg, et al. , Phys. Letters 22, 217,
223 (1966); see also G. Kramer, DESY Report No. 67/
32, 1967 (unpublished).

See also F.J. Gilman, J. Pumplin, A. Schwimmer,
and L. Stodolsky, Stanford Linear Accelerator Center,
Report No. SLAC-. PUB-719, 1970 (to be published).


