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ABSTRACT

In diffractive photoproduction of nﬂ+«", the two-body substates
npo and Azw are found to contribute significantly to the cross-section
for nﬁ+ﬂ_ masses below 2.4 GeV. From a spin-parity analysis the
branching ratio, p (1600) =+ np/p'(1600) > all, 1is determined to be
< 0.02 at the 68.3% confidence level. The Azw component shows an
enhancement around 1.7 GeV. The spin-parity analysis indicates a probable

contribution to this signal from exclusive photoproduction of the g(1690).
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INTRODUCTION

The p'(1600) is the best established candidate for a radial

excitation of a vector meson composed of 1light gquarks. It heas been
- + I

observed in the decay modes poﬂ+ﬂ [1,21, p'w+w° {3,4] and

e [s1. In both an earlier photoproduction experiment [6) and

e*e” annihilation {7)] there is some evidence for an enhancement in the
nw+w— mass spectrum in the p'(1600) mass range but no detailed

analysis has yet been done due mainly to poor statistics.
In this paper a detailed study of the reaction

YP * nr'w p )

is presented allowing a search for the decay modes p (1600) - nﬁ+«"

via the substates npo, Azw. and &w. The data come from a
general study of photoproduction of hadrons by photons of energy 20-70
GeV. The experiment (WAS7) was performed using the Omega Spectrometer at
the CERN SPS. A previous analysis of reaction (1) from this experiment
has studied nv'w  masses below 1.4 Gev [8]. The analysis

presented here extends the mass range up to 2.4 GeV.

EXPERIMENT AND DATA SELECTION

A description of the experiment and details of the trigger and the
data selection can be found in the previous publication on reaction (1)
{8] and are therefore not reported here. The final data sample for the
present analysis of reaction (1) was obtained by requiring that the events
had a yy pair with effective mass between 0.50 and 0.59 GeV (see Fig. 1)
and that the missing energy, AE, to the incident photon and
nw+wh system was within the range -1.5 to +2.5 GeV (see Fig. 2).
With these selections a final sample of 1871 events corresponding to
reaction (1) was obtained. 1In order to calculate the acceptance of the
events in the experimental set-up, reaction (1) was simulated by a
Monte-Carlo program [9]. The photon bremsstrahlung spectrum was generated
according to the experimental spectrum. The production cross—section was
taken to be independent of photon energy and the differential cross-section

do/dt was taken as exponential with a slope of 5 GeV °. The
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nw+«“ mass distribution was generated with a shape similar to the

experimental one and the nw+w_ system was allowed to decay
according to Lorentz-invariant phase space. The normal to the
ArN decay plane was distributed isotropically. The events were

passed through an acceptance program [10] which simulated the exzperimental
conditions including the multiplicity requirement of the trigger, the
geometrical cuts imposed by the apparatus and the inefficiencies of the
chambers. In addition this program included a full simulation of
showering in the photon detector and reconstruction of vy rays. A
bin-by-bin division of the spectra for accepted events by those for
generated events then yielded the acceptance as a function of zll relevant

kinematical variables for the analysis described below.

RESULTS

3.1 Reaction cross—-sections and mass spectra

The Yy mass spectrum was fitted to a Gaussian distribution plus a

second-order polynomial background giving for the peak:

- (545.3 & 0.7) MeV

8
il

-
]

(20.2 + 0.6) MeV .

The width iz consistent with the experimental resolution. The background

within the mass cut, 0.50 to 0.59 GeV, used to define the nr+w

events for the present analysis is given by the fit as 22.5 % 1.3%.

Figure 2 shows the missing energy distribution for events of reaction
(1) deduced by a peak minus wings subtraction on the yy mass spectrum
(the wing regions were chosen to be 0.455 < mYY < 0.500 GeV and
0.590 < mYY < 0.635 GeV). The background from events with additional
unobserved particles within the AE c¢ut, -1.5 GeV to +2.5 GeV, is
estimated to be 20 * 10%. Figure 3 shows the raw distribution of the
invariant nr'w mass obtained using this AE cut together with
the peak minus wings subtraction on the yy spectrum. The curve shows

the overall acceptance.

For all the remaining analysis the background under the n peak
(Fig. 1) has not been subtracted. Combining this background with that

from inelastiec contamination of the true nﬂ+w— events (Fig. 2), the
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total background is estimated to be 35 * 10% of the final event sample
obtained with the selections described in Section 2.

Using the total 1luminosity for this experiment of 143 nb_l, the
overall acceptance weight of 10.7 for reaction (1) and a BR (n - yy) of
0.39, the cross-section after correction for background and averaged over

the incident photon energy range was determined to be

o(yp » nelwp) = (234 + 6 + 50) nb

for nw+ﬂ_ masses up to 3.5 GeV. The errors are statistical and

systematic, respectively.

The differential cross-section dos/dt has been fitted to an

exponential digtribution, do/dt = ebt

y as a function of incident
photon energy and also of nw+w_ mass. The mean value of b was
4.8 ¥ 0.1 GeV and there was no significant variation of the shape with

. + -
either photon energy or nr v mass.

Figure 4a shows the acceptance-corrected nﬂt mass distribution
for all selected events of reaction (1). The peak at ~ 1300 MeV is
consistent with the A2(1320) W'hich+ is the only well-established
resonance at this mass with an na~ decay mode. There are also
indications for &(980) - nﬂi, but this contributes only 3% to the
total event sample and could be due to inelastic background [11]. For
subsequent analysis the small +6 signal was neglected. The A2(1320)
was measured by fitting the nv” mass distribution using a relativistic
Breit-Wigner peak with fixed mass and mass—dependent width {13] multiplied
by a term of the form (mazlmnﬂ)n [12] to account for the
distortion of phase space by threshold effects. The background was
represented by an exponential function of the form
exp {a mn“ +b m:ﬂ).

Figure 4b shows such a fit for the total event sample (x2/ND =
10.9/10; n = 8 % 3) and the signal corresponds to a 17 + 2% Az
contribution, representing a ecross-—section corrected for branching ratio
of Az > nm = (14.5 * 1.2)% of



. -
alyp + A;w+p) = 425 * 44 + 50 nb .

Fits were also carried out for 100 MeV slices of the nw+«- mass.

The results are shown in Fig. 5.

Figure 6a shows the acceptance-corrected T mass
distribution. The po intensity was determined by a fit wusing a
Breit-Wigner form with fixed mass and mass-dependent width ([13] plus a
polynomial background. The Breit-Wigner peak was again multiplied by a
term {(m /mﬁﬁ)n to allow for threshold effects <causing skewing of
the p° shape. The result of the fit (x®/ND = 19/14; n = 6.0 %
0.23) to the total mass spectrum is shown in Fig. 6b., 22 * 2% of all
events of reaction (1) have a p°, corresponding to a cross-section
olyp = npop) = 81 ++ 6 + 17 ab. Since the peak fitting
procedure only worked down to an nw+ﬂ_ mass of about 1.4 GeV the

cross-section represents possibly some underestimate. The p° yield as

. + - . . . .
a function of the nv « mass is given in Fig. 7.

In the above cross—section determinations no correction has been

applied for Azw and np production for events from the 35% background.

3.2 Decay angular distribution of the nw'w _system

The decay angular distribution of +the normal to the nwr ¥
decay plane was studied after correction for acceptance losses both in the
s—channel helicity system and in the Gottfried-Jackson system (t-channel
helicity system). A selection of corresponding normalized spherical
harmonic moments, <Y§>, for the s-channel analyéis are shown in
Fig. 8. All other moments in the s-channel helicity system and all in the
Gottfried-Jackson system were found to be consistent with zero. The
moment <Y:> is expected to be the only nonvanishing moment for
purely s-channel helicity conserving p-wave states [14]. This is found to
hold in photoproduction of po. » and ¢ mesons and is indicated in
p (1600) production. - [1]. The nw+ﬂ_ data of Fig. 8 show no

evidence for this effect in the p (1600) mass range.



3.3 Dalitz plot analysis

To analyse the spin parity of the nﬁ+ﬂ- system as a function
of mass the method of maximum Iikelihood fits to the Dalitz plot was
applied, with decay amplitudes constructed using the Zemach tensor
formalism [15-17]. This analysis has the advantage that states with

different spin parities do not interfere and that there is no dependence

on the production mechanism of the nﬂ+ﬂ_ system. Since the
netw states contain substantial contributions from Azw and
npo, both Azw and np° decay amplitudes were constructed
{18,19]. The different spin-parity states considered were: for np,
- 0, 17, 1%, 2", 27 and phase space; for A, F -
o, 1%, 17, 2%, 27, 37 and phase space. The 1% np and

27 Azw amplitudes can contain contributions from both S-wave and
D-wave decay and these contributions may interfere. In practice, the fits
were insensitive to the D/S wave ratio for both of these amplitudes and
were unable to distinguish them from ﬁp and Azﬂ phase space,
respectively. Therefore, the 1% np and 2~ Aw amplitudes were
not included in the final fits, but the corresponding contributions would
be included in the np and Azw phase-space intensities. To allow for
the presence of states other than Azw and np° and particularly for
background from reactions other than (1) an intensity corresponding to

nw+ﬂ— Lorentz invariant phase space was alse included in the fits.

Given intensities IJP' the probability density function for event i

is

E(a) = ). (a1 )/fx dm® dm’
1 JP JP JP JP 1 2

where m and m_  are two out of the three possible two-particle

mass combinations and o is the fraction of spin parity JP in the

JFP
data. Then the negative log-likelihood function to be minimized is

L{a) = - log f. (a)
~ iN
i
with the summation over all events in a given interval of nﬂ+ﬂ_
mass. The integrals over the Dalitz plot were performed by the Monte
Carlo method using only simulated events (see Section 2) which fell within

the acceptance aperture of the apparatus and were reconstructed by the



software. The same cuts were applied to both the data and the Monte Carlo
events. The fits were made using the program MINUIT [20] in 200 MeV bins

+_
of ny v mass.

In the initial fits all states listed previously were allowed to
contribute. These fits were found to be poorly constrained, mainly due to
the small event samples available in each mass bin. However, certain
spin-parity contributions were consistently found to be =zero within
errors, and to constrain the fits further, these were fixed to zero.
After various combinations of contributions had been tried, a subset
consisting of 1 np, mnp phase space, 3 AW, Aw phase
space and nﬁ+ﬂ_ phase space was found to be sufficient to obtain
good fits to the data. Fits where any of these major contributions were
removed or replaced by one of the other spin parities, always gave a value
for the log-likelihood deviating significantly from the best fit. To

illustrate these features, Table 1 gives the results of a variety of fits

in the nw+ﬂ" mass range 1.5-1.7 GeV.

The cross-sections for production of the wvarious contributions as a
function of nw+w— mass, as obtained from the final fits, are given
in Table 2 and in Fig. 9. The results of these fits have been
investigated in terms of four variables: the nﬂi and 1w w
mass distributions and the angles 952“ (th%_ angle between the wi
direction and the n direction in the nr' rest frame) and enp
(between the ©n and #'  directions in the &  rest frame).
Distributions of these variables are given {(open circles) in Figs. 10 to
13 as functions of nw+wd mass: also shown (solid c¢ircles) are the
distributions predicted by the fit results given in Table 2. All
distributions show, in general, good agreement between the data and the

Dalitz plot fit results.

Both the Azﬁ and the np production cross-sections for the mass
range 1.4 < mn«ﬂ < 2.4 GeV obtained from the Dalitz plot fits are
slightly lower than those obtained from the fits to the mass spectra.



DISCUSSION OF RESULTS

Figure 9 shows the following features:
i) There is a substantial J° = 1  contribution in the np°

system peaking at np° threshold and falling with increasing mass.

ii) All three phase-space intensities (npo, Azw, and nwr)
contribute over the whole mmo mass range and show no structure; these
include np 17 s, Aw 27 S and an appreciable contribution from
background.

iii) There is a small J° = 3  contribution to the A v system
peaking at a mass around 1.7 GeV.

The cross-section for production of ;o= ne° in  the
p (1600) mass region (1.5 to 1.9 GeV) is measured to be 17 + 7 =
4 nb. This gives an upper limit o(yp * p'p; p = npo) < 28 nb
at the 68.3% confidence level. Combining this with the previously
measured cross—sections for photoproduction of p (1600) decaying via
p°ﬂ+wp, ptﬂ;ﬁo and e [1-51, one obtains an
upper limit for the branching ratio for p (1600) = np° of 2%; this

is to be compared with the value of 7 * 2% which was estimated in

+ + - . + .
e e > nwow from events having a Tw mass in the

po mass range [7].

The signal 4in the JP = 3 Azﬂ state is consistent with the
g(1690) meson which can be photoproduced diffractively, having C = -1 and
IG = 1*. It is produced with a cross-section of 97 + 28 % 21 nb,

corrected for the A2 % nw branching ratio. Referring to the shape of

the cos ehzw distributions for the mﬁ:s ragge of+ this signal
(Fig. 12d}, it may be noted that only 3 = 3 or 2 can give a
peaking at cos BAZ1r = 0, Table 1 indicates that 3 is favoured
over 2 which, in any case, would be exotic. It should alsc be remarked
that the distribution of cos ©,  for ¥ = 17 vanishes at
cos BAzﬂ = 0 thus ruling out any significant contribution from

p (1600} - A w. Oon the assumption that the 3  signal 1is due



solely to g(l690) production, the cross-sections for photoproduction of
g§(1690) in its other decay modes can be predicted from the known branching

ratios [21]. One obtains

o(YP * BP 3 g > w'w) =51+22+11 nb

o(Yp * gp 3 g wwww) =147 * 42 + 32 nb
o(Yp > BP ; & *p p ) =18 + 16 * 4 nb .

These values indicate that there could be a significant admixture of

g{1690) contributing to the observed peaks seen in photoproduction of

e and A which have been attributed to
p (1600). The decay of g through Azﬂ would also contribute in
photoproduction of w w won® [31. In particular the cross—

section for photoproduction of the 1.6 GeV peak in v is [S1:

(Yp » "p (1600)"p ; "p (1600)" = «'n ) = 110 + 20 nb

and no analysis has so far been done including a g(1690) coantribution to

the data. For p°w+w_ photoproduction the cross-section is [1]:
(Yp @ "p (1600)"p ; "p (1600)" » p°« w ) = 540 + 170 nb
so that again there may be a significant correction for g(1690) production.

5. CONCLUSIONS

Diffractively photoproduced n«+w“ states have been found to
contain contributions from np° aﬁd Azw substates. A Dalitz plot
analysis has shown that the p (1600) is not an important component of
the data and that there is a signal in Azw at a mass around 1.7 GeV

which is consistent with the g meson.
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Figure captions

Fig.

Fig.

Fig.

Fig.

1

10

11

YY mass spectrum for nw+ﬁ_' events having AE (zee
text) between -1.5 and +2.5 GeV.

Missing energy, AE, for nn*%'— events obtained by a

peak minus wings subtraction on the n signal.

Mass spectrum of nw+w- (raw data). The curve shows the

acceptance.

+
a) n® mass spectrum for all events.

+
b) nv” mass spectrum showing a fit as described in the text.

+
Cross-section for A; production as a function of the
- +
n1+w mass obtained from fits to the nw mass

spectra.

a) i mass spectrum for all events.
b) «' w mass spectrum showing a fit as described in the
text.

Cross-section for p° production as a function of the
—_— mass obtained from fits to the otn”  mass

spectra,

Normalized spherical harmonic moments of the nw-;" decay

distribution in the s-channel helicity system.

Cross-section for production of various spin-parity states
obtained from fits to the Dalitz plot.

nwi mass spectra for bins of nw'% " mass. The open
points are the data and the full points are the results of the
Dalitz plot fits.

e mass spectra for bins of nw'%_' mass. The
open points are the data and the full points are the results of

the Dalitz plot fits,



Fig. 12

Fig. 13

- 15 -

+
Distributions of «cos eAzﬂ‘ the angle between the
direction and the 7n in the nurw rest frame, for bins of
nﬂ+w— mass. The open points are the data and the full

points are the results of the Dalitz plot fits.

Distributions of cos enp’ the angle between the n and the
«'  directions in the +«'w  rest frame, for bins of
wnie” mass. The open points are the data and the full

points are the results of the Dalitz plot fits.
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