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ABSTRACT

A study is made of the wm’ system produced near threshold in the reaction

yp >t ntn%p,

A spin-parity analysis shows that the w7’ enhancement is consistent

with predominant 1¥ B(1235) production, with v 20% ;=1 background,
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INTRODUCTION

Radial recurrences of the p meson are predicted by both the quark model [1]
and by duality arguments [2]. To date the only identified recurrence of the p is
the p' (1600) [3]. However the quark model with an effective scalar confining
potential would predict the first recurrence at a mass of ~ 1.3 GeV [11. A
candidate for this state is the wm? enhancement of mass v 1.25 GeV which has been

observed in photoproduction experiments [4,5] in the channel
yp » wrwinlp . ‘ (1)

Attempts have been made to determine the spin-parity [JP] of this enhancement, but
owing to lack of statistics this has been possible only by assuming s—channel
helicity conservation (SCHC) in the production mechanism [5]. With this assumption

the favoured 3% was 1°.

. . P . . .
In this experiment we make a J analysis without the assumption of SCHC. We
find that the enhancement is consistent with the predominant production of the

B(1235) meson by a mechanism which does not conserve s—chamnel helicity.

EXPERIMENTAL SET-UP AND DATA SELECTION

An 80 GeV electron beam from the CERN Super Protom Synchrotron (SPS) was used
to generate partially plame polarized photons by coherent bremsstrahlung in a
silicon crystal [6,7]. These photons were tagged in the energy range 20-70 GeV.
The distributions of incident photon energy and polarization intensity (calculated
as described in ref. 7) are shown in fig. 1. The photon energy spectrum was deter-—
mined by using a subsidiary umbiased trigger which required only a signal from an
end-cap scintillation counter immediately following the hydrogen target (fig. 2).
Approximately half of the data were taken with the pléne of polarization at +45°
to the median plane of the Omega spectrometer, and half at -45°, (These are
labelled as negative and positive values of polarization, PY’ in fig. 1b.,) The

mean polarization, averaged over the photon energy spectrum, was 0.30.



Photons entered the Omega spectrometer which contained a 60 cm liquid hydrogen
target, multiwire proportional chambers (MWPCs) and, downstream of the magnet, drift
chambers, a threshold Cherenkov counter and a photon calorimeter. The layout is

shown in fig. 2, and has been described elsewhere [8].

The photon calorimeter comprised an active converter (sampler) made up of
47 slabs of lead glass, each of three radiation lengths in depth, followed by a
shower position detector hodoscope (Penelope) of 792 scintillation counters and
finally an array of 343 lead-glass blocks (0Olga), each of area 140 x 140 mm? and
depth 500 mm (v 20 radiation lengths). The calorimeter subtended a solid angle
of 0.07 sxr about the forward direction, and measured the photon direction to an

accuracy of *0.2 mrad, with an energy resolution &E/E ~ 10%/vE.

Events from reaction (1) were selected by a trigger which required between two
and five forward charged particles plus a signal from the photon calorimeter indi-
cating the detection of at least one y-ray of energy above 2 GeV. Electromagnetic
background was reduced by a system of veto counters in the median plane, consisting
of the median row blocks of the 1ead~gl§ss array plus additional electron veto
counters (EVAs) (see fig. 2). Pattern recognition and geometrical reconstruction
of events were performed by the program TRIDENT [9]. A second program reconstructed
the momentum and pclarization of the incident photons, decoded the Cherenkov infor-

mation for particle identification, and reconstructed y-rays and 7° mesons.

Channel (1) was selected by requiring a well-measured beam photon, two T°'s,

. . . . + - +_ - . )
and two or three charged particles consistent with being T T or m T p, which were

reconstructed to a single vertex in the hydrogen target.

From the interaction of 5.6 x 10'° photons with the 2.54 % 10%* protons/cm?
of the hydrogen target, a total of " 20,000 candidates for reaction (1) were ob-—
tained. Figure 3a shows the distribution of missing mass squared opposite the
mtrT7°%7% for all candidate events. Final selection of channel (1) required the
missing mass squared to be in the range -2.1 GeV? to +3.9 GeV?, giving a sample

of 8100 events.



Selection of the channél
Yp > wir’p _ (2)
requires selection of w events free from background. To do this, weights were as—

signed to each 1™’ combination according to the 37m mass (fig. 4) as follows:

for 0.733 < m, < 0.833 weight = +1 ,
{the w-peak regiom)
for 0.683 < my < 0.733 and 0.833 < oy < 0,883 weight = -1 ,
(the w-wings region)
otherwise . welght = 0O .

In all subsequent analyses of channel (2), each 3m combiﬁation was used with the
above weight. With this procedure the weighted number of wrm® events was 2304. To
show that this sample is free from background, we plot in fig. 5 the w decay matrix
element squared (A):

= 2
- 'max ?

where 3+ and ﬁ; are the three-momentum vectors of the 7' and T in the 3T rest
frame. As expected the signal in the w-peak region rises linearly with A, whereas
it is flat in the w-wings region. This shows that the background subtraction method

described above does select a pure sample of w events,

The missing mass squared opposite the wi® is shown in fig. 3b, indicating ™ 15%

background from inelastic wr® production.

ACCEPTANCE

In order to correct the observed angular distributions for experimental bias,

we have used a detailed Monte Carlo simulation of the acceptance [10].

Events of channel (2) were generated [lljjwith a photon bremsstrahlung spectrum
as determined by the monitor trigger described above (fig. la). The production
cross—section was taken to be independent of energy, and the differential cross-—

section, do/dt, was assumed exponential with a slope of 5 GeV ™ ?,

These events were then passed throﬁgh the acceptance simulation [10], which

included the multiplicity requirements of the trigger, the geometrical cuts imposed
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by the apparatus, chamber inefficiencies, and showering of photons in the caleri-
meter. Accepted events were then processed using the same analysis program as the

data. More details about the acceptance corrections can be found in Appendix D.

RESULTS

a) Mass spectra and momentum transfer distribution

The 71 7°w° and 77 7° mass spectra are shown in figs, 6 and 4, respectively.
The n*w 70rx° spectrum shows enhancements at ~ 1.25 and 1.6 GeV. The 1.6 GeV
enhancement has been described elsewhere [12]. The 771 7° spectrum shows a strong
w signal of FWHH " 35 MeV over a background of v 20%. This background was removed
by the peak-wings subtraction described in section 2, and the resulting w7’ mass
spectrum is shown (shaded) in fig. 6. Evidently the 1.25 enhancement decays
primarily into wr?,

The four-momentum transfer squared (t) distribution is shown in fig. 7, and

. . . . . . . S5t
1s consistent with a peripheral production mechanism, with do/dt ~ e .

b) Decay angular distributions

The decay of the wn’ system can be described in terms of the following four
angles (Appendix A): 6 and ¢ are the polar and azimuthal angles (1) of the w in

¢

the WTF" s-channel helicity frame; GH and ¢, are the polar and azimuthal angles (QH)

of the normal to the w decay planme in the w helicity frame [13].

The decay angular distribution has been analysed in terms of 25 orthogonal
functions [13], or moments, HEmLM(Q’Q ), which form a complete set for the descrip-
tion of angular distributions arising from wm® spin-parities 0 , 1 , and 1t (see
table 1 and Appendix B). By summing these moments over all events, and correcting *
the resulting sums for the effects of acceptance by using a linear algebra tech-

nique [147], the angular decay distribution can be obtained (Appendix D):

* £ -
W(R,ay) = é Hs (OL)HOL(Q,QH)/CCL o = fmlM .

+ . M . P
The corrected moment sums Hg(a) are directly related to the relative intensities

in each J¥ state, the production density matrix, and the decay amplitudes
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(table 2, Appendix C). The experimental distributions of the wn? decay angles,
for all events, are shown in fig. 8 and the moment sums, corrected for accepﬁance,

[NH;(&), see eqns. D15 and D7j are ghown in fig, 9 as a function of wr’ mass.

To check that the 25 moments used in the analysis do pfovide a complefe des—
cription of the wrn’ angular distributions, we have used the corrected distribution
W(Q,QH) as input to the acceptance simulation to produce the smooth curves in
fig. 8. Evidently the curves give a good description of the data showing that the
25 moments used are sufficient, and that there is no need to consider higher spin

states of the wr’ system.

c) Spin-parity analysis

An examination of the wn’ mass spectrum (fig. 6) suggests that it can be
interpreted as a resonant state of mass Vv 1.2 GeV and width ™~ 200 MeV plus
“ 20% background. If this is the case, we expect one spin-parity state to dominate

and to determine the form of the angular distributions shown in fig. 8.

Acceptance calculations show that, in contrast to &, the angles ¢, B, and
¢H are not strongly biased, and can thus be interpreted directly in terms of spin-
parity states. The distribution cos GH shows a strong sin” 0y component, indica-
ting a significant contribution from w helicity = t1, - Thus the dominant spin-
parity cannot be 0 , since this produces w helicity = 0., A dominant 1" state
could account for this distributioﬁ with a suitable (non-zere) choice for: the
D/S ratio in the decay amplitude. A 1 state can only produce w helicity = *1
and could account for the sin® GH component provided that the background is mainly
w helicity = 0 (i.e. 0" and/or ). The ¢H distribution shows a stromg cos 2¢H
component, as expected for a SCHC 1~ state. An SCHC 1+ state would produce a
sin 2¢H component, so if the dominant state is 1" it must be produced by a non-
SCHC mechanism with Ogo > Y., The ¢ distribution shows a sin ¢ componeﬁé; whiéh
can only arise from interference between wr’ helicities *1 and 0 (Rg p:o #0),
thus showing that there is a non-SCHC component to the production mechanism. How-
ever, without further analysis, we cannot determine whether the non-SCHC states

are associated with the signal or with the background.



In summary, from the projected angular distributions, we rule out O as the
dominant spin-parity, but cannot distinguish between SCHC 1~ and non-SCHC 17. To
proceed further we have made a detailed spin-parity amalysis by taking into account
the correlations between the angles 0, ¢, SH’ and ¢y. This was done by fitting
[15] the acceptance corrected moment sums using the expressions given in table 2,
to obtain the intensities in each J¥ state, the density matrix elements™)

, and the

] +
D/S ratio for the 1 state.

Fits were made to the moment sums over the whole wm’

mass range, the data being
divided into nine bins of 100 MeV width between 0.9 GeV and 1.8 GeV, In the first
fit made (Fit 1) no restrictions were imposed and all three spin—parity states

were allowed. This gave 17 free parameters and 25 measured moment sums in each
mass bin; the results are shown in fig. 10, In general the fits gave good values

of Xz. We make the following observations: the amount of 0 required by the fits
was small, and consistent with zero across the mass range; the amounts of 1" and

. were, within large errors, equal; in general, the errors on all fitted variables
were large and, in addition, the variables were strongly correlated., 1In principle
the distributions of O and ¢ should allow the 17 (S + D wave) component to be dis-
tinguished from 1 and 0 (P wave). However, the strong acceptance correction in
the § distribution means that the statistical errors on this distribution are

large, so that most of the information comes from the ¢, 84, and ¢y correlations,

As has already been noted, the relative amounts of w helicity (%l 0) can be rep-
resented by a 17 state with suitable D/S ratio, or by a combination of 1~ and 0,

so that the Oy and ¢, distributions cannot distinguish between these two possi—

. . . : +
bilities. This accounts for the large uncertainty in the relative amounts of 1

*) The density matrix elements in table 2, which are extracted by the fits are

the measurable quantities
Re{ oppre i } :

where i(j) are the states concerned, and ¢ij is the difference in decay phase.
For the diagonal terms this reduces to

Re {DRR' } .




and 1 as determined by Fit 1, and in order to progress beyond this we have to

introduce some additional constraint.

Since Fit 1 indicates that the O intensity is small, and this state cannot
be diffractively photoproduced, we have performed a second fit (Fit 2, fig. 11),
where the 0 intensity has been fixed at zero. Again this fit gave acceptable
values of Xz across the mass range, but in this case the amount of 1" was increased
in the region of 1.2 GeV compared with Fit 1. The 1~ state is comsistent with

SCHC, within errors (ng = Re 0,4 = Py_1 = 0).

Since the 1 state is consistent with being SCHC, a third fit has been made
(Fit 3) in which we have constrained the 1 state to be SCHC; the results are
shown in fig. 12. These are consistent with Fit 2, with reduced errofs on the
fitted parameters, and lead to the following conclusiomns: the 1 intensity peaks
at v 1.2 GeV with a full width of v 200 MeV and is approximately four times the
1 ingensity; the D/$ ratio in the peak is ™~ 0.25, and p , v 0.4 across the mass
range. Thus the 17 state is consistent with the B(1235) mesom, but is not pro-
duced by an SCHC mechanism. The 1" intensity shows no evidence for an enhanée—
+

ment. The density matrix elements for the interference between the 1  and 1

states (011, Dol, Ol_l) show no strong dependence on Wi’ mass.

To check the consistency of the data with an interpretation in terms:of tﬁe
B{1235) meson and a F=1 background, and to impose continuity as a function of
wm® mass on the fitted parameters, we have made a series of model dependent fits.
These fits were made to all of the mass bins (i.e. to 9 x 25 = 225 measu;ed
moment sums) with a resonant parametrization for the 1" decay amplitude, and allow-
ing the relative production phase of the 1" and 17 states to vary (see Appendix E).
Two types of fit were made, allowing the 1~ state to be either resonant or non-

resonant.

In parametrizing the non-resomant 1~ state we have tried two different methods:
i) as the tail of the p’(770) decaying into wn® [16], ii) as a Weibull function [17]

with the decay phase independent of wn® mass. For the widths of the resonant states,
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we have tried both mass dependent and mass independent forms (if the 1¥ state is
the B(1235), with v 100% branching ratio to wr® we expect a strongly mass dependent

width, since the resonance is close to wn’ threshold),

All fits gave equally good descriptions of the data with ¥ of v 290, In
particular, the form of the interference moments [H;(EmLM)] can be fitted equally
well with either a resonanﬁ or non-resonant 1 state by changing the relative pro-
duction phase of the 1 state with respect to the 1¥ state. The results of the
fit for which the 17 state has been parametrized as the tail of the p°(770) are

shown in table 3, and by the dashed curves of fig, 9.

The characteristics found for the 1° state show only small systematic varia-—
tions with the different parametrizations outlined above, and are consistent with
the results of the model independent Fit 3, The intensity and production charac-
teristics of the 1 state are similarly insensitive to parametrization, and are
also consistent with Fit 3. 1In table 4 we list those results which are insensitive
to the parametrization; the quoted systematic errors are estimated from the dif—

ferent fits,

To summarize these results, we find that the 1" state is dominant with a
mass and D/S ratio consistent with the B(1235), but with a width of ~ 230 MeV
(220 MeV after correction for mass resolution) which is larger than found for the
B meson, This width could be explained by " 20% 17 s-wave background, as might be
expected from a Deck mechanism [18], which would also decrease the observed D/S
ratio (0.25 compared to 0.29 expected for the B meson), Other fits, allowing 0
as either a resonant or non-resonant étate, in addition to 1+ and 1 have been

made; these fits gave results consistent with those described above,

d) Cross—-section and production mechanism

As already shown, the t-distribution indicates a peripheral production
mechanism with an exponential slope of 5.0 * 0.3 GeV? (fig., 7), for reaction (2).
Further information on the production mechanism can be obtained by studying the
energy (EY) dependence of the total wn® cross-section. To do this, we have used

the parametrization
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o
39
= =z < <
U(Ey) ag(39) T ub 20 E_Y 70 Gev ,

-

to fit the energy dependence for reaction (2), with the results (3% GeV = mean

incident beam energy):

g(3%)

0.86 + 0,27 ub

o =0,6 0.2,

Corrections have been included for beam reconstruction efficiency, event reconstruc-—
tion efficiency, w - ato o branching ratio, and hadronic interactions of the wi

in the material of the spectrometer. The result, extrapolated to lower energies,

is compared in fig. 13 with data from other experiments, Thus we conclude that

the cross-section falls slowly with beam momentum, suggesting diffractive production.

The ratio 1%:17 at the peak in the 1t spectrum (Fit 3) is v 8:2. When summed

% mass range, the fraction of 1% is 73 * 7%, giving a 1" cross-

over the whole wir
section of 0.63 * 0.20 ub. If approximately 207 of this is due to background s-

wave, the estimated cross—-section o(yp = Bp) v 0.5 pb.

Finally, the polarization moment sums H;(RmLM) have been fitted to determine
the density matrix elements DRA’ for the 17 and 17 states (see Appendix D), and

thus the parity asymmetry for each state [19]:

v _d¥a) - U

P (17) = 20} - p
) 1-1 00 crN . oU '
Nert Ueq+
+ o (1 - g¥(l
Py(l) = p;o "291—1= ( 1)‘4' U( : ?
g + g

U . .
where ON and 0 are the cross—-sections for natural and unnatural parity exchange
in the t-channel. However, the statistical errors on these quantities are large,
and even if we constrain the 1 to be produced by SCHC with natural parity exchange

(pi , %, all others = 0) we obtain

+ .
Po(l y = 0.3 £ 0.7,

so that we cannot deduce the naturality of the exchange.
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e) Comparison with other photoproduction reactions

Given the above estimate of the cross-—section, o{yp + Bp), omne can predict the
photoproduction cross—sections for the other neutral, non~strange members of the
JPC =1 nonet, the H(1190) and H' mesons. For ideal mixing, as in the case of
the 1 nonet, the cross—section ratios would be

o(yp~>Bp): o(yp=>Hp): o(yp+H'p) ~ 9:1:2,
and the H' would decay mainly into strange mesons. At the other extreme, for no
mixing between the SU(3) octet and singlet, one would obtain

o{yp>Bp): o(yp~>Hp): o(yp+H'p) ~ 3:1:0.

PC +=

? photoproduction [20] has indicated a J ~ = 1 enhance-

An analysis of T m T
ment in the pm system whose parameters are compatible with the H{1L90), and which
is produced with a cross-section of about 300 nb. Also, in the study of KET
photoproduction [21] no evidence has been found for K*(890)K resonance production
at the few nanobarn level. Taken together with our estimated B(1235) cross-section,

€ 21" 5U(3) mulei-

both of these results indicate that the mixing angle in the g

plet must be small.

CONCLUSIONS

P

The data are consistent with non—-SCHC production of the J 1t B(1235) meson,

together with a small S-wave 1 background as might be expected for a Deck mechanism,
A small (~ 207%) JP = 1 background, which conserves SCHC, is also present. This
1 comporent is consistent with being due to the tail of the p°(770) decaying into

wrn®.  If JP = 0" is allowed in addition to 17 and 1, a solution with roughly equal

+ - s .
amounts of JP =1 and 1 cannot be excluded unless the amplitudes are constrained
in a model dependent way. The energy and t dependence of the wn’ cross—section

suggest a diffractive production mechanism.
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APPENDIX A

DEFINITION OF wr® DECAY ANGLES

The angles = (cos O, ¢) describe the direction of the w in the w7 helicity

system.

> . . .
In the overall yp c.m.s. let z be a unit vector along the wr® direction, and
e . . . . .
k a unit vector in the beam (y) direction, then we define
=l v
? =k x §/|k X z| (normal to production plane)
and
-
X

-+ >
=y><z

. . . -+
direction we obtain the momentum vector (w)

Né

By a Lorentz transformation along the

of the w in the wr® rest frame, then

cos 8 = w2/ |0
Dy
¢ = tan Ml 2% |, (A1)
Ww*x

The angles QH = (cos BH’ ¢H) describe the direction of the normal to the w -+ 37 decay
plane in the w helicity system. Let ;ﬁ be the unit vector in the w direction in

the overall yp c.m.s. Then define

> =
Yu H

X
H

By a Lorentz transformation along the zy direction we obtain the momentum vectors

(%1,%2) of the charged 7s in the w rest frame. The normal to the decay plane is

thgn
-+ _ > ->
n = ﬁl x %zllﬂl X ﬂz R
and
cos GH =3 'Zﬁ ‘
1 i '?
= . H
¢H tan . (A2)
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The angle ¢ defines the polarization vector of the incident photon:
+ »
€ = (cos 9,sin &,0), (A3)
with respect to the production plane (x—z plane). The spin—density matrix of the
plane polarized photon is then [19]

-21¢
1 1 - e
-e 1
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APPENDIX B

DEFINITION OF QRTHOGONAL MOMENTS

The orthogonal functions HE(Q’QH) (n = fmLM) are defined in terms of Wigner

D-functions [ 22]

+ _1 L 3 LML &
B (2,0, - 5 Re {DMm(tb,S,O)Dmo(d)H,SH,O) + (-1) %anmo} . (B1)

We nave listed the explicit expressions for the 25 functions used in this analysis

in table 1. Note that these functions are not normalized to unity:

C, = ﬂ [ (2,2, JPdcany, = (4w)2/{(29,+1)(2L+1)(2—6m0) (z-aMD)} . (82)
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APPENDIX C

DEFINITION OF MOMENT SUMS

+
The moment sums H;(RmLM) are obtained by summing (Bl) over all W events:

fos
iy
=]
g
I
=4
e
ur”jz
z
I‘\
e]
B
z
-

:) . 1)

This sum can be expanded in terms of the contribution from different spin-parity

states (J?i) and their interferences [13],

+
Hs(a) = E: Re Hii(u)
i
(€2)
H () = 2 z: Re H
i>3
and ninj = -1,

The complex sums Hij can then be related to the production density matrix (pii,)

and the decay amplitudes (F;):

_ ij*cij
Hlj(ﬁmLM) 1y fIim (10%0[10) , (C3)
where
.. 2J +1
ij* _ !
tLir J +1 2: pAA, (JjA LM|JiA) (C4)
and

i . z: F; A, eF ATLM[ T2 (A am | 12)

L,Q,m }\A' (CS)
Parity conservation in the production and decay of the wn system requires
iy _ ydiTi A-AT 1]
and
i _ IR LS B §
Fy =0, DT, (c7)
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Time reversal invariance, for a fixed spin parity state requires

FiFi;, = real . {C3)
The decay amplitudes can be expanded in terms of partial wave amplitudes Ci:
. 5 ;
F; = § [%:1—1] <Ji}\|!@01>\>c; (c9)
and Z;(CE)Z = 1. (C10)

A more detailed account of the relations given in this section can be found in the

paper of Chung et al. [13]. We list in table 2 the explicit expressions for the

25 moment sums used in this analysis, and note that for the interference moments

(i # j) only the terms Re {piﬂ:eléij} appear in the moment sums, where Gij is the

phase difference between the decay amplitudes F' and FJ.
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APPENDIX D

ACCEPTANCE CORRECTIONS

For a plane polarized photon beam, the most general expression for the angular

distribution of the wrn’ system is [19]

dN N - - i
R, 9% QF'EWD(Q,QH) Wy (2, )cos 2¢ - PW2 (0,0 ) sin 28], (D1)

where N is the overall normalization, P the mean polarization, and the angles

(Q,QH,®) have been defined in sectiom A of this appendix.

Each of the distributions Wk(Q,QH)(k = 0,1,2) can be expanded in terms of the
orthogonal moments Ha(Q,QH)(Appendix B) [the superscripts +(-) are dropped for-

clarity; all summations over o = mIM imply summation over +(-) as well]:
_ k
wk(Q,QH)- z; Hs(q)ﬂa(sz,saﬂ)/cOL . (D2)

where

f J B (2,2,)HG(R,%,) a0 = 8 ,0C, (3)

so that

k
Hs(a)==J:(wk(g,ﬂﬂ)ﬂa(g,nﬂ)dndnH : (D4)

Because of the orthogonality cf the functicns cos 2¢ and sin 2% over the interval

0 < 0 < 27, we can define an extended set of orthegonal moments HE(Q,QH,Q):

H&(Q,QH,¢) = HG(Q,QH)
H&(Q,QH,Q) = V2 cos 20 H_(2,%) (D5)
Hé(ﬂ,QH,Q) = /2 sin 20 H (2,9

We can also define corresponding moment sums GE(&):
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k. o[l an k
NG, () —J"I‘f—————dm%w H, (2,8,,9)d0d2.do (D6)

and using (Di) we obtain

NG, (@) = NH] (o)

PN
NGi (o) = % H (a) (®7)
NG2(a) = --3—1; HZ ()

Thus, assuming that acceptance corrections have been taken care of, the moment sums
Hg(m) can be obtained by simply summing the HE(Q,QH,Q) over all events (gg = 1,

g, =g, = “P/V2):
N
Ng BS (@) = iz; CHENER (8)

In order to understand the effects of acceptance bias, we write the observed angular

distribution as

I
Sr= | et nnan (D9)

where A = (Q,QH,Q) are the true angles and A' = (Q’,Qﬁ,@') are the measured angles,

and e(A,A") is the acceptance/resolution of the experiment,

Thus, using (DY) and (D6) we obtain the expression for the observed moment sums

G!
NG ) = || e, AR (A7) dandn’ . (10)
s dA o
We can also expand the true angular distribution in terms of the moments HE(A):

aN K, ok
T azk NGg ()H, (Ay/2mC, (®11)

and substituting this into (D10) we obtain
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1AlR NG (B) t
N GS (o) = 2ﬂC e (A, A )H (A )H (A)dAdA' (D12)
or
Nelk@) = z: AkéNGJ(B)/CB . (D13)
iB

where the acceptance/resolution matrix A is given by:

kj _ 1
AaB 2m

_e(A,A')HZ(A')Hé(A)dAdA’ . (D14)
If this matrix can be evaluated, (D13) can be inverted to give the corrected moment

sums G in terms of the observed moment sums G’
. o
NG (B) = ¢ Z] @ etk ) . (D15)
5 B ok Bot s

In order to evaluate the integral in (D14) we have used a Monte Carlo technique.
Events of the type vp - wi’p, with w > W+W_ﬂ0, were generated isotropically in A at
fixed values of the wrn® mass corresponding to the bins used in the analysis. For
each event generated, the angles A(Q,QH,®) were calculated and stored. These
events were then passed through the acceptance simulation program, and those sur-
viving were processed using the same analysis as for the data. The integral (Dl4)

was then evaluated as

N
ki _ (am)? K,y pnand
Ag = ¥ éé& Ha(Ai)HB(Ai) s (D16)

where N, was the number of events generated, N the number accepted, and Ai(Ai) the

true (reconstructed) angles for event i.

A great simplification of the acceptance matrix can be achieved if the accep—
tance/resolution of the experiment is unchanged by the transformation & » ¢ + w2
and @' » &' + /2, since in this case the moment sums Gg(a) are decoupled from

Gi(a) where k = 1,2 (A% = A%1 = A%% = "% = 0):
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-1
NG (@) = CQE[A;;] N'GlP(®) . (D17)

This symmetry will be exact if the acceptance is symmetric about the median plane,
and we add together two equal samples of data with the same mean polarization, but
with the plane of polarization different by n/2. The first condition is approxi-
mately true, and we have ensured the second by reweighting the events according to
the measured polarization, keeping the overall normalization fixed. Under these

conditions we find, using the Monte Carlo integration (D16},

ALY = AO) o 20 _ 02 _ g
and
Al2 = a2l = g ’
so that
NGi(Ot) = CQE[A(';?B]“IN’G;J.(B) . (D18)

We have checked that (D18) does correctly reproduce the moment sums using the

acceptance simulation program.
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APPENDIX E

MODEL DEPENDENT FIT

In order to investigate the phase relationship between the 3F = 1* and 17

states, we have fitted the data simultaneously in all nine mass bins using resonant
and non-resonant parametrizations for the decay amplitudes. The parametrization of
these amplitudes, the production density matrix, and the resulting moment sums are

outlined here.

i} Production density matrix

The unpolarized density matrix was parametrized as

ofB d
o2, o R* iy T Tg g AAT o B* (E1)
MY = £, + N CDTETBEDTT £ 7,

where T, is the parity of state o, A the helicity, and Iy the spin. TFor J =1

states, the complex "amplitudes" f% are defined by five real numbers (angles):

a cos ea i¢a .
£ = e g 70 =>8 >0
g /3 2 o
sin § . .0
2= % eos P e1¢+ 2T > ¢a >0 (E2)
+ /2 c A
sin B . L0
o . ig” T
£ = ——75—— sin wa e 52 W, 20

These five angles are assumed to be independent of M@ﬂo’ so that the denmsity

matrix elements themselves are also independent of M a0 and satisfy (for example):

af _ _JomJg,_ o, A-AT B
pAAJ’ = naﬂﬁ( 1) ( 1) p___A__A.I'
op _  Bo*
DAAI - pA'A
E:pii = 1 (for each state )

A

af oc| | | BB %

‘DAA' . [DAA lpA’A’] :
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Since the density matrix is unchanged by the transformation ¢i -+ ¢ﬁ + 8, we must fix

one of these angles, and have chosen ¢%+.

ii) Decay amplitudes

These are parametrized as a function of mass in termsof a resonant Breit-Wigner
amplitude Da(m), a coupling (normalization) constant Ga’ and an interaction radius
Ru' The decay amplitudes can be expanded using the (real) partial wave amplitudes

o
CR (see C9):

! B,(m,R )
") 28+1 V3 o 2 7o
FY(m) = D_(m)G 2:[—~———j T a0 2 (E3)
A o o % 2\]0&4’1 o 2 B,Q(ma.’Roc)
The Bi(m,R) are barrier penetration factors [23]. Note that for JP =1, 0, C2 =0

except for C, = 1, and that for the 17 state D/Ss = CZ/CO. The Breit-Wigner ampli-

tudes are parametrized:

mo!.r(l
Dy (m) = @ w2y - im T_(m) (E4)
2
B,(m,R,}
r_(m “[qa] [Bl(mu’Ra) , (E5)

where q (q,) is the w momentum in the wr® c.m.s. with total mass m(ma). We have
checked that the results of fits are not significantly changed by making Ta(m)

independent of mass.
iii) Moment sums

Having defined the production density matrix and decay amplitudes, we can write
the moment sum NHg(RmLM) averaged over incoming photon energy and integrated over

four-momentum transfer t (see Appendix C):

dn® (LmLM) [ Btmin _ Btmax] of* _af
s _ gle e Z% Re tium ngm , (E6)
dm 641°B s

N

where we have assumed that all states o are produced with the same s and t dependence,
have taken B = 5 GeV~? to agree with the data, and have used the mean photon energy

(39 GeV) in calculating the mass dependent factors t_. and t .
min max

The expression (E6) has been used to calculate the expected contribution to

each of the 25 moment sums in each of the nine wn' mass bins, and thus a X2
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which was minimized using the program MINUIT [15] to obtain best estimates and

errors for the variable parameters {for each state):

Ma resonant mass
Fu full width of resonance
G; normalization at resomnance
Ru interaction tradius
3]
o
¥ five angles which determine
G the full density matrix
o
oy

D/S for the 1% state only .
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Table 1

LM {cos 8, ¢, cos B

H 0’ ¢H)

10

11

12

13

14

15

16
17

18

19

20

z1

22

23

24

25

H* (0000)
H (0020}

H*(0021)
H™(0022)
H* (2000)
H' (2020)
H'(2021)
H' (2022)
H*(2120)
H'(2121)
H (2122)
H' (2220)
H' (2221)
H*(2222)
H'(2111)

H (0010)
H {0011)

H™ (2110}
H™(2111)
H(2121)
H (2122)
H (2221)
H™(2222)

H™(2010)

H™ (2011)

1

%(3 cos? B-1)
- \/%sinecosecos:b

\/;E sin? &'cos (2¢)

=
fanY
w

cos® éy-1)

]
~
)

cos? Og-1) (3 cos? 8-1)

3 .5 2
/—; sin 6 cos 8 cos ¢ {3 cos eH—lj
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| =

W

sin® @ cos (2¢) (3 cos® oy-1)

8
—% sin & cos & sin Oy cos By cos by
-lﬁs'nec B; 9 (1+ 8)(2 1 +
7 V 5 sin 6y cos €y cos 8) (2 cos 8-1)cos (¢+¢p) = (1-cos 8}(2 cos €+1)cos (ch-qb)
1 \/? sin © sin 8 0 1 2
7 Y7 sin 8 sin 8y cos 6y (1+cos 8)cos (¢>+¢H) - (1-cos 8)cos (2¢-4y)
3 . .
3 sin® & sin® 9y cos (20
1 \/E sin ¢ sin? &, {(1+cos 8)c 2, + 1
T V3 b os (2¢y+d) - (1-cos 6)cos (2¢y-4)
1 3 gin® 6, {(1ecos 8)%cos (26+26,) + (1 2
g Vg si H cos cos (2¢ ¢H) {1-cos 6)°cos (2¢-—2¢H)
- % \/—% sin By <os by {(l+cos B)cos (p+dyy) + (l-cos 9icos (¢“¢H)}
cos 8
\/T .
' sin 8 cos ¢
_ g sin @ sin 8y cos Gy cos ¢
% \/% sin By cos 8y {(l—cos Blcos ($-¢y) - (l+cos 6O)cos (¢+¢H)}
- % % sin 8y cos B {[1+cos 8) (2 cos #-1)cos (¢+¢y) + (1-cos &) (2cos B+1jcos (¢—¢H)}
1

T \/-2‘73 sin & sin By cos 6y {(1+COS 8)cos (2¢+¢y) + (1-cos 8)cos (2¢—¢H)}

%-‘/% sin 8 sin® GH {(14»(:05 8)cos (Zdy+d) + (1-cos B)cos (2¢»H-—¢)}

% \/;g sin? N {(1+cos 8}%cos (2¢+2¢y) - (1-cos 8)*cos (2¢—2¢H)}

%COS 8 (3 cos? g,-1)

- 2_.1/5 sin 6 cos ¢ (3 cos® 63-1)
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Table 2

Unpolarized moment sums NH;(QmLM)

10
11
12
13
14
18
16
17
18
19
20
21
22
23

24

25

NHZ (0000)
NHZ (0020)

. NHg (0021)

NH (0022)
NH (2000)
NH (2020)
NHg (2021)
NH (2022)
NHS (2120)
NH (2121
N (2122)
NH;(ZZZOJ
NH;(ZZZI)
NH; (2222)
NHS (2111)
NH (0010)
NHz (0011)
NH (2110)
NHg (2111)
NHG (2121)
NH, (2122)
NH; (2221)

NH (2222)

NH_ (2010)

NH_ (2011)

N* + N + N
3 N (30t -1 (1-3F) - 5 N (307,-1)

zf’ N, (-3F - 2N

- %? (- 3F%) + “F N pT

1-1
2\t 2y o N E o
£ N (-3F0) TT +EN

Nt + 2 N- _
7g {305,-1) (2-3F;) + 55 (3py,-1)

%;? *(2-3F) + “F No]

-6
75 N
i
25
673

5 N plOFlFo

-3/6
5 Noy_FF,

+ 2 /6 - -
Py (23F) - 55 Noop,

+
(307 -LF,F,

+ + 2 3N
-—N (SQM—I)F =7 (30~ 0o 1
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25 10F1 B N—DIO
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No B+ Neyy
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i
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Table 3

Results of model dependent fit
with a resonant 1V state and a 17 state
parametrized as the p°(770) tail (fig. 9)

Degrees of freedom 208

x? 298

M(1*) (GeV) 1.213 * 0.005
r(1*) (Gev) 0.231 *+ 0.014
D/s _ 0.235 £ 0.047
P,, (1" 0.434 t 0.031
p,_, (1) 0.095 * 0.088
Re p, (17 -0.090 * 0.070
M(17) 0.770 (fixed)
T (1) 0.401 + 0.100
Py, (17 0.031 * 0.060
p,_, (17 0.00 = 0.145
Re p,,(17) -0.083 * 0.068
Re p,, (17/17 int.) 0.085 + 0.145
Im p,,(17/17 int.) 0.333 0,076
Re p,_, (17/17 int.) 0.100 * 0.055
Imp _ (17/17 int.) | -0.094 % 0.076
Re p10(1+/1' int.) 0.026 * 0.067
Im p,,(17/17 int.) ~0.072 + 0.060
Re p,,(1%/17 int.) | 0.141 % 0.100
Im p,, (1*/17 int.) -0.292 + 0.065

The quoted errors are from MINUIT
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Table 4

Results of Model Dependent fits

which are insensitive to the model assumptioms.

The quoted statistical errors are from MINUIT,
and the systematic errors indicate the spread
for the different model assumptions described

in results
in the text.

Parameter Value Stat. Syst.
M(1") (GeV) 1.217 | +0.005 | * 0.005
r(1*) (GeV) 0.231 | % 0.014 | % 0.020
D/S 0.236 + 0.047 + 0.009
Pgo (1) 0.435 | £ 0.030 | * 0.006
Re p,,(1") -0.082 | * 0.070 | * 0.012
pl_l(l+) 0.088 + 0,090 * 0.012
Pgo(17) 0.029 + 0.060 | * 0.021
Re 0,,(17) -0.065 [ * 0.070 | £ 0.035
e, (17 0.029 t 0.150 | * 0.060
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Figure captions

Fig. 1 : a) Incident photon energy spectrum. b) Incident photon polarization

spectrum.

Fig. 2 : Experimental layout and Omega spectrometer.

Fig. 3 : a) Missing mass squared (M%); Yp * T mOmex, b) Missing mass squared
(Mé); yp + wr’X.

Fig. 4 : Yp ~* ﬂ+ﬂ_ﬂ°W°p; Mmoo (two entries per event).

Fig, 5 :t Yp * ﬂ+ﬂ-W°ﬂ°p; the 17 decay matrix element squared: A = 4|EW+ X Eﬂ-izl
3[%@ mgﬂ - mi]z in the w peak (Fig. 5a) and wings (Fig. 5b).

Fig. 6 : oyp > i wlnlp; T4 =00
yp + wr’p; W {shaded).

Fig. 7 : Yp wﬂop; t, the four-momentum transfer squared between v and wr®.

Fig. 8 vp ~ wn’p; cos 8, ¢, cos GH and ¢H distributions (not corrected for
acceptance). The smooth curves are the result of a simulation described
in the text.

Fig. 9 : vp + wn’p; acceptance corrected moment sums NHi(RmLM) as a functiom of

m o The dashed curves are from the model dependent fit described in

the text.

+

Fig. 10 : Model independent fit with JP =07, 17, 17 to the acceptance corrected

moment sums {Fit 1):

a) J =1 intensity.
P - . .
b) J =1 intensity.
P -, .
¢) J =0 intensity.
d) JP = l+ D/S ratio.
e) JP = ]_+ p? .
00

P_o.- 0
£}y J =1 poo.




Fig. 11
Fig. 12
Fig. 13
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Model independent fit with JP =1 and 1 to the acceptance corrected
moment sums {(Fit 2):

P +

a) J =1 intemnsity.
b) aF - 1" intensity.
c) JP = 1* D/S ratio.
o Bt

P - 0

e) J =1 Poo

+

Model independent fit with JP = 1" and 1~ to the acceptance corrected

moment sums, with the 17 state constrained to be SCHC:

a) i - 1t intensity.
b) JP = 17 intensity.
c) JP =17 D/S ratio.
P_+ 0
dy J =1 poo
P + 0
J =1 .
e) +1-1
P _ .+ 0
£) J 1" Re p+10.
g) af = 1*/1” interference p?l.
h) JP = 1*/17 interference pgl.
P

. + .- . 0
i) J 1 /17 interference P,

Energy dependence of o(yp + wwop). The dashed curves represent the
+] standard deviation limits from a fit to the data of this experi-

ment to the form (in the energy range 20 < EY % 70 GeV):

o
o(E,) = d(39) 29 [echi“ -~ eBtmax] .
Y EY

where B = 5 GeV™ 2 and m oo = 1.25 GeV were fixed to give an appropriate

form for the threshold dependence.
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Weighted events per 0.1 GeV
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Weighted events per 0.1 GeV
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Weighted events per 0.1 GeV

300

200

100

— 100

—200

=300

80

40

—40
—-80
—120
-~ 160

—200

300

200

100

200
oo L H—2121. H-2122
120 180 |-
80 - 120

’| BO |-

-80 ’ — 40 —

qpp L1 —80 bii

400 —

40 I
. *L //eruﬁ {_ 200 |-

~ s
1
— — /
120 —200 |- r‘\ )
J

=200 — 400 —

12000
10000 —
8000

6000
4000

2000 \

Fig. 9c




10* 103 -

1*WEIGHTED EVENTS /0.1 GeV
’h
1

a)

N**

b MH

095 115 135 155 175

0" WEIGHTED EVENTS /0.1 GeV

c)

N

i ¢ 1 * o ¢ 4 ot
095 115 135 155 175

1.0

0.8 1

0.6

0.4

0.2-

+ E)
1 .
90

[ )

095 115 135 155 175

Fig.

10* 107 -

_ 10

+

1-WEIGHTED EVENTS /0.1 GeV

- b}

N©

H

095 115 135

155 175

2.0

1.0 4

~-1.0

-2.07

d)
D/s

095 115 135 155 175

1.0
0.8
0.6

0.4

0.2

‘ol f)
P20

|

095 115
Mun 0 GeV

10

135

155 175



10°10° at | 10°10° " h)
N1. 1_
3 8- | > 8- "
I | [ L= B
e 6_ s: 6...
w g
w4 i 4
& 5,
d 2 1 o 2
i * x "f
= 14 bt | = 1y ;
0 M L A P A 0 i X L A
0.95 115 135 155 175 095 115 135 155 175
c) 1.0 7 ' d)
2.0 b/s 4 o
[ ]
0.8
L
1.0 -
0.6
+
UL R / )
0 -+ + ——————— 1 ______ 7] L ] b
0.4 }
-1.0 1 - ]
L ]
l 0.2
-2.01 4
A ' i L -‘l.os
095 115 135 155 175 0.95 115 135 155 175
1.0 1 e)
| P00
0.8 .
0.67 ¢
0.4
’ [ ]
0.2
0 l [

0.957 115 135 155 175
Mion ® Gev

Fig. 11




10*10% - a) [10%10% b 0)
N . - 2.0 1
> Nt N! D/s
se] | - |
b )
= - 1.0
(-]
>~ 67 ~ 6] . l
2 2 ¢ty
= 2 R e S
& 4 o 4 -
o o0
2 { o 101
% 5,0
£, g7 + ‘
£ 4 e B4
o L . . + N 0 + R 1o L \ ) .
095 115 135 155 175 095 115 135 155 175 095 115 135 155 175
10 d {05 . el 05 - f)
i 910 | P | Reol
L
0.8 0.3 1 1 0.3 1
[ ]
-4 -1 ¢ -
0.6 ! 0.1 f { 0.1 ]
4 ofbd-———- SN P DROF I I A Y T
4 ) F {
0.4 + + -0.11 -0.1 {
0.2 0.3 -0.3-
o A L A 0'5 1 1 i L L _0.5 1 1 '} i i
095 115 135 155 175 095 115 135 155 175 095 115 135 155 175
05 4 ot < gl | 05 - {05 - i)
" | fot= i 91-1
E 9
0.3 4 0.3 0.37 )
- - p - L
0.1 1 0.1 + 0.1
3 R I ) B B S
201 - T 011 T -0.1-
4 d A ]
-0.3 1 -0.31 ’ } -0.3
_0.5 1 L 1 L 1 _0.5 A 1 i A "0.5 i 1 L 1
095 115 135 155 175 095 115 135 155 175 095 115 135 155 175
MUNO GeV

Fig.

12




¥P —e PWHN

E GeV

Ballam et al. [&4] and refs therein.
This experiment

Aston et al. [5]

‘Barber et al. [5]

Fig. 13




	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15
	16
	17
	18
	19
	20
	21
	22
	23
	24
	25
	26
	27
	28
	29
	30
	31
	32
	33
	34
	35
	36
	37
	38
	39
	40
	41
	42
	43
	44
	45

