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Abstract. The reaction yy—»>=z" n~ n* n~ has been stud-
ied with the ARGUS detector. The rate in the invariant
mass region below 1.8 GeV/c? is found to be largely due
to p° p° production. A spin-parity analysis shows a dom-
inance of the partial wave (J%, J)=(2%, 2) with a small
admixture from J®=0". The contribution of negative
parity states is consistent with zero. The large ratio of
cross sections a(yy— p° p%/o(yy—>p* p7)~4, and the
dominance of the J*=2* wave in the reaction yy — p° p°
is a signature consistent with the production of an exotic
(I =2) resonance.

1 Introduction

The reaction yy — p° p° has been shown to have a large
cross section in the region of the nominal p° p° threshold
at approximately 1.5 GeV [1-6]. Such an enhancement
is surprising since the rate should normally be strongly
suppressed in the threshold region due to the reduced
phase space. At the same time, the cross section for the
isospin related reaction yy—>p* p~ is at least a factor
of four smaller [7, 8].

A simple isospin argument provides an important
constraint on the origin of this difference. The two p°
mesons can only be in a state with I=0, =2 or some
mixture of the two. The large ratio of the p® p°®to p* p~
cross sections cannot be accounted for by pure I=0 or
pure I=2 states, bute can only result from interference
between the two isospin states. The interference is ob-
served to be constructive in yy — p° p® and destructive
yy—>p* p~. This basic argument leaves open the ques-
tion of the dynamics of p p production by two photons.
Attempts have been made to explain this either by dom-
inantly resonant [9] or non-resonant [10] mechanisms.
A demonstration that the pp cross section is predomi-
nantly resonant in origin, together with the isospin argu-
ment given above, would imply the existence of exotic

(I=2) states, such as gggq resonances. It is therefore
important to make a thorough partial-wave analysis of
the process.

Unfortunately, it is exactly in performing partial-wave
studies of yy— p° p® where previous experiments have
failed to give a consistent answer. In general, the results
agree only on the dominance of positive-parity states
[3, 5, 6]. In this study we attempt to resolve differences
in the partial-wave decomposition using a high-statistics
data sample collected by the ARGUS experiment at
e® e~ center-of-mass energies around 10 GeV. In com-
parison with the PETRA and PEP experiments, the
lower beam energies in DORIS result in smaller boosts
of the yy system along the beam axis, which, together
with a good angular acceptance for charged tracks, in-
creases our ability to discriminate among different spin-
parity (J?) states of the p° p° system.

This paper is organized as follows. In Sect. 11 we pres-
ent the data selection criteria and estimate the possible
backgrounds. Section III contains a description of the
model used in the spin-partity analysis and of the maxi-

mum likelihood method. The determination of cross sec-
tions is given in Sect. IV. In Sect. V the systematic uncer-
tainties in the analysis are discussed in detail. We con-
clude in Sect. VI with a summary.

II Data selection and background estimation

The two-photon production of four pions, 7y
—»z*r nt ", is observed in e¥ ¢~ storage rings via
the reaction

ete sete T ntn.

The final state electron and positron predominantly scat-
ter at low angles and escape detection (no-tag experi-
ments). The data used for the study of this reaction were
taken at an average e’ e” center-of-mass energy of
10.2 GeV and correspond to an integrated luminosity
of 242 pb~1. The ARGUS detector, its trigger and parti-
cle identification capabilities have been described else-
where [11]. For event selection we required exactly four
charged particles, with zero net charge, originating from
a common event vertex. In addition, each particle had
to be consistent with the pion mass hypothesis, by re-
quiring the combined likelihood ratio from specific ioni-
zation and time-of-flight measurements to exceed 1%.
For the polar angle between the charged particle and
the beam axis we required |cos 8]<0.92, and for the
transverse momentum p,=50 MeV/c. In the accepted
range the efficiency is almost independent of cos 8, while
it increases with p, and reaches 50% (80%) of the plateau
value at 100 MeV/c (200 MeV/c).

To further enhance exclusive yy—n*zn n'n”
events we required the net transverse momentum, |2 'p,|,
to be smaller than 0.12 GeV/c and the sum of scalar
momenta, X|p|, to be less than 4 GeV/c. In addition,
no photon candidates with energy deposition in the elec-
tromagnetic calorimeter greater than 50 MeV were al-
lowed in the event. After applying these cuts a sample
of 5701 events was obtained, out of which 5181 lic in
the invariant mass region between 1.1 and 2.3 GeV/c?
(Fig. 1).
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Fig. 1. Invariant mass distribution of accepted n* =~ =¥ 7~ events



Possible background from 7 decays was estimated us-
ing Monte Carlo simulated e* e” — 1" 7~ events. Scal-
ing the number of 7 events to the luminosity of the data
sample, we estimate the background from 7 decays to
be 3 events in the yy invariant mass region below
2.3 GeV/c*. The background from incompletely recon-
structed events of the type e™ ¢~ — hadrons, was estimat-
ed in a similar way to be 2 events. The background
from the reaction yy —n* 7~ n* n~ n° where photons
from the n° decay were not detected, was estimated to
be 42 events using a Monte Carlo simulation, normalized
to the measured topological cross section for this reac-
tion [12].

The feeddown contribution from yy— Nz events
(N Z 6), where two or more pions were not reconstructed,
was estimated from the |Xp,|* distribution. The shape
of the |Xp,|* spectra for yy—»zn*tn n* 7~ and yy
—n* 7" n* n” n° (with a missing 7°) events was deter-
mined by Monte Carlo simulation. A fit to the data
was performed using this predicted spectrum, plus a con-
stant term to describe any remaining background. The
|Zp.|? distribution of z* n” =" 7~ cvents was thereby
found to be consistent with the assumption that all
events originate only from exclusive four-pion final states
and the estimated five-pion background. A background
with a flat |2'p,|* distribution contributes less than 46
events to our final samples, at the 90% confidence level.
This procedure also takes into account the background
originating from t decays and from events of the type
et e” —hadrons.

In total, we estimated the background from the pro-
cessese” e” — 17 17 und e* ¢~ — hadrons to be 5 events
and the Dbackground from the reaction yy
—n* " n* n” n°% where the n° is not detected, to be
42 events. The feeddown contribution from the reaction
yy—> N7 (N =6) is less than 41 events {(90% c.l.).

IIT Analysis of the z7 n~ =t =~ final state and the
maximum likelihood method

Most of the measured n* n~ n* =~ events have invar-
iant masses in the region between 1 and 2 GeV/c?
(Fig. 1). The invariant mass distribution peaks just below
the nominal p° p° threshold. The TASSO collaboration
[1] first observed that the final stateinyy »n*n -z n~
consists mainly of p° p° for yy invariant masses, W,,,
below 1.8 GeV/c?. This result has been confirmed by
other measurements [2-6].

In analyzing the reaction yy -7 7~ n* 7~ we allow
for p° p° production in different (J%, J,) states, as well
as for incoherent contributions of p°zx* 7~ and
ntn” n* n~. The latter two processes are taken to be
uniformly distributed in phase space. As has been
pointed out in [9], this assumption is unphysical in the
case of yy— p®n* n~. However, our study shows that
phase-space distributed contributions of p®nt n” and
n*n” nt n~ are able to acount for those final states
which cannot be described by p° p° production. The ef-
fect of the presence of an unphysical p° =z~ state on
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the results of the p° p° partial-wave analysis is discussed
in Sect. V.

The final states in no-tag yy reactions are constrained
to even spins with helicity J,=0, and to JF=27, 3%,
4%, ... states with helicity J,= 42 (z axis in yy direction)
[13]. If we assume that for W,, below 2 GeV/c? the only
important p® p° states are those with spin J <2, we are
left with five different possible spin-parities (J, J,)=07,
07,(22%, £2),(2%, 0) and 2~. The wave function describ-
ing the rotational properties of a certain J* state is con-
structed by first combining the spin of the two p°® mesons
j=Jji1+j2, and then by adding the orbital angular mo-
mentum L to obtain the total spin J=j+L:

%PJ (152)2 Z Z

m+M=J.) (m;+my=m)

'C” Jjm, LM C11m1 Jamz YM(0 ¢ (017 ¢1) Y]TZ(Oz: ¢2),

where 0, ¢ are the polar and the azimuthal angles of
the p® meson in a coordinate system with the z axis
along the yy axis (yy helicity system), which for the no-
tag reaction, to a good approximation, coincides with
the beam axis. The angles 8y, ¢1 (05, ¢,) define the
direction of the ”1(2> in the center-of-mass system of the
first (second) p°. Both p° systems have coordinate axes
parallel to those of the yy helicity system. The C’s are
the appropriate Clebsch-Gordon coefficients.

The possible values of p° p° orbital angular momenta
are L=1 for JF=0", L=0,2 for J°=0*, L=1,3 for J¥
=27, and L=0, 2, 4 for J*=2". Since the analysis of
the reaction yy — p° p° is performed close to threshold
we feel justified in restricting the orbital angular momen-
tato L=0and L=1. For a hard-sphere scattering model
with an interaction radius of 1 fm, for example, higher
values of L become important only in the W,, region
above 1.8 GeV/c? [14]. Note that in the case of L=0
or L=1, the spin j of the two p° mesons is also unique,
so that we will drop the wave function indices L and
j in the following.

In order to describe n* n - n* 7~ production by two
photons we define amplitudes for p° p° production in
the dlfferent (JP \ z) states and amplitudes for isotropic
p’n*n”and nt n” T n~ states. Four particles in their
center-of-mass system are described by seven kinematical
variables. We used five of the angles defined above (the
angle ¢ is redundant in a no-tag experiment) and the
two invariant masses of the oppositely charged pions
(M« .- =m,0). Apart from factors dependent on W, the
amplitudes read:

(@) p° p° production:
Thd== RBW (m,0) RBW (m,9) ¥ ;. (1, 2)+ permutation,
P 14 z

(b) isotropic p° =™ =~ production:

Tyon+ - =RBW(m,0)+ permutations,

(c) isotropic z* n~ =n* =~ production:

T.=1,

where RBW(m,,o) 1s the relativistic Breit-Wigner ampli-
tude for the p° resonance [3, 15]. The permutations sym-
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metrize the matrix elements with respect to identical
pions, since four p°n* 7~ and two p° p° combinations
are possible in a single z* 7z~ z* =~ event. For the p° p°
state with JF =27 the interference term arising from this
symmetrization makes it possible to distinguish helicity
+2 from helicity —2. However, in our analysis we find
that the corresponding angular distributions are too sim-
ilar to allow for a separate determination of each helicity
contribution. Henceforth, the helicity +2 state will rep-
resent the sum of both helicities.

The probability that a measured event originates from
a certain process is proportional to the square of the
corresponding amplitude. The only p° p° states which
can interfere are those with equal parity and equal heli-
city [13]. As a consequence, the square of the sum of
the amplitude J*=2" with helicity 0, and the amplitude
JP=0", enters the expression for the cross section. The
same holds for the sum of J* =0~ and J* =2~ ampli-
tudes (note that J*=2" with helicity 2 is absent).

Using these amplitudes the logarithm of a likelihood
~ function is defined as follows:

N
InL=Y Y B, i A M(i) M*(i)

i=1 k.r

=N [[X By 2ac Ay Mic(x) MF (%)]

1) B (x) 04 (x) dx,
T()

VIT®

where the index i runs over all measured events in the
W,, bin. The diagonal elements of the Hermitian matrix
P are equal to one, while the only non-zero off-diagonal
elements are By« 5+ oy=exp(id.) and Fy- ,- =exp(io_).
The normalization integral and the average of the square
of the matrix element, [ T;|2, are calculated using a Monte

. Carlo method. Both integrations are performed over the
acceptance #(x), where x represents the variables describ-
ing the four pions in their system as well as the kinemati-
cal variables describing the two photons. The four-mo-
menta of the yy system were generated according to the
exact expression for the transverse yy luminosity func-
tion @(x) [16]. The generation of pion momentum vec-
tors was performed according to the particle phase-space
density w,(x). A program [11], which simulates in detail
the ARGUS detector was used to process the events.
The procedure included a trigger simulation, and the
same selection criteria as applied to the data.

The seven parameters 4, and the two relative phases,
6, and 6 _, are obtained by requiring a maximum value
for the likelihood function. In the case of non-interfering
amplitudes, where A7 represents the fraction of measured
events which belongs to the process k, we have varied
A2 and not J,, so that the procedure does not exclude
negative fractions.

where M, (i)=

IV Determination of the cross sections

A fit to the data was performed using nine free parame-
ters: seven amplitudes 7, and two relative phases 4.,

and 6_. However, the results of this procedure were con-
sistent with those obtained using a seven parameter fit
where the interferences were neglected. The reason is
that over the whole W, range the negative parity ampli-
tudes 0 and 27, as well as the (27, 0) amplitude, were
small, leading to negligible interference terms. Note that
a measurement of the W,, dependence of the phases 6.
or 0_ could provide a tool for testing the presence of
resonances. Unfortunately, because the (27, 0) amplitude
is small, it seems unlikely, even in an experiment with
much better statistics, that the W,, dependence of the
phase ¢, could be measured.

The cross section for the process k averaged over a
W,, bin is calculated using the following formula:

N2 1
O~k = e L., AL ’

AW})})AW}'V

where N is the number of events in the 4W,, bin, L.,
is the integrated e* e~ luminosity and AL/AW,, is the
differential yy luminosity function. The acceptances are
given as products of the two terms #, and & [17]. The
efficiency for the selection requirement that no photons
are detected in the event (see Sect. IT) is found to be
e=0.56+0.03, and is within the error independent of
W,, and the process considered. The detector and trigger
efficiences, as well as the efficiences for the remaining
selection requirements, are described by #; (Fig. 2).

Q.25 T T

acceptance 7

W, [Gev/c?]

acceptance 7

0.0 - -
1.0 1.5 2.0 2.5

W [Gev/c*]
Fig. 2. Acceptances 7, for various p° p° spin-parity states (J7, ),
and for the isotropic p® p°, p°n* 2~ and n* =~ =t n” states. Com-
bined statistical and systematic errors on the accpetances are 8%



The results of the analysis in 100 MeV/c* bins of W,
are given in Table 1. The cross section for the J* =27
with helicity 2 wave is dominant. The contribution from
negative 0~ and 27 is small. The helicity 0 component
of JF=2" is suppressed with respect to helicity 2, as
is also observed for tensor meson production in yy reac-
tions. The analysis was also performed using 50 MeV/c?
wide bins in W,,. The results of the two cases are consis-
tent within errors (Fig. 3).

It is interesting that some of the one-dimensional dis-
tributions alone provide a means of distinguishing be-
tween the various J* states. There are two relative angles
which are only weakly affected by the acceptance. From
the distribution of the angle 3 between the directions
of the =t from the first and the =* from the second
p°, each direction measured in its own center-of-mass
system, it is possible to distinguish J*=0* from J*=2*
(Fig. 4a). On the other hand, the distribution of the angle
x between the two p° decay planes is sensitive to the
parity of the amplitudes (Fig. 4b). Neglecting the width
of the p°, the y distributions are dN/d yoc(1+ a cos 2),
where a=—1 for J*=0" and «=2/3 for J°=0*. For
other spin-parity states the values of o lie between these
two extremes. However, the wave function symmetriza-
tion for p° mesons with finite width (two possible p° p°
combinations per event) spoils the symmetry around
% =90°, an effect which decreases with increasing p° p°
center-of-mass energy W,,. For the same reason the an-

Table 1. Cross sections (in nanobarns) for various J? states of p° p°
and for the p°z* =~ and =z n~ n¥ =~ states (assuming phase-
space distribution), as obtained by a 7 parameter fit. Also given
is the sum of the cross sections over all J” states of p® p°. The
errors shown are statistical only. Note that care has to be taken
when adding up different contributions because the errors on the
cross sections in certain W,, bins are correlated

W,, o 0- 2%, 2 2%,0
(GeV/c?)

1.2—1.3 10.14+£3.8 44415 216440 —50+33
13—14 152437 33422 42,7430 —29+52
14—15 172455 2.5+2.6 45.5+6.2 2.1+4.6
1.5—-1.6 102453 —1.1+27 56.8+5.6 —104+35
1.6—1.7 40452 39+29 52.5+5.7 3.54+4.0
1.7—1.8 10.14+£5.1 09427 354453 0.7+4.1
18—19 —11.84+50 77+2.8 347451 45+35
1.9-20 29443 42427 18.5+4.6 28+39
20-21 —58+27 03422 19.6+2.6 4.7+39
2122 24435 —01+1.5 4.6+4.0 44436
w,, 2 p’rntn - mtmTata Zp%p°
(GeV/c?)

1.2—13 —05+19 118448 21433 30.6+2.0
13-14 04424 92+54 187445 589+24
14—15 1.843.0 3.1+54 188440 69.4+26
1.5—1.6 29+28 32+3.8 255+34 58.6+3.6
1.6—1.7 —02+31 09+64 19.7+3.9 63.9+3.7
1.7—1.8 —20429 138466 134436 453+4.3
1.8—-1.9 —6.5+25 202482 20.8+4.0 28.845.3
1.9-2.0 —16422 121479 277445 269+5.1
20-2.1 —26+1.8 9.0+6.1 29.5+4.1 16.1+3.8
21-22 23420 105+54 203439 13.6+32
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gular distribution dN/d cos $ is also asymmetric. This
asymmetry in the distributions of the anglex y and 3
was not noticed by previous experiments [ 3, 5, 6].

In order to demonstrate that the model defined above
describes the data well, we show as examples the one
dimensional angular distributions cos 9 and y, along
with the two-pion invariant mass distributions m,. -
and m,. .. (Fig. 5). The p shape in the m,. - distribution
is particularly well described by the model. The chi-
square values for the m,+ .-, m . ;., cos 3 and y distribu-
tions are given in Table 2 for various W,, intervals.

V Determination of systematic errors

It is particularly important for a spin-parity analysis to
have a detector which covers as much of the solid angle
as possible. Some of the partial waves, such as 0* and
2%, are difficult to distinguish because of the low accep-
tance in the forward region. The dominance of the 27
partial wave observed in our data is consistent with the
results in [6]. However, they found equal contributions
of the (2%, 2) and (27, 0) amplitudes, by fitting histo-
grams, as opposed to the unbinned analyses used in [3,
5] and in this paper. In 5], roughly equal contributions
of 2* and 0* amplitudes were obtained, while in [3]
a dominance of 0* over 27 for W,,<1.7 GeV/c? was
found. In order to test whether 0* dominance is compat-
ible with our data we repeated the likelihood fit with
the (27, 2) contribution constrained to zero. The fit com-
pensates for the missing (2%, 2) component by increasing
the 0%, 27 and p°n* =~ contributions. However, the
hkehhood functions in the W,, range from 1.2 to
1.8 GeV/c? differ by about fifty from those of the best
fit, excluding such a possibility at the 10 ¢ level. This
conclusion is confirmed by the fact that the chi-square
values obtained with this fit for distributions of cos $
and y increase by about 2.

We have investigated a possible explanation for the
disagreement between various experiments. The values
of AZ that correspond to the maximum of the likelihood
function depend strongly on |T;|?. It is essential to deter-
mine | T;|* with high precision for those amplitudes with
similar distributions in the multidimensional space of
the measured quantltles As an example, we present the
results of our study in the W,, bin between 1.4 and
1.5 GeV/c?, where the fraction values 1%+ ,,=0.61 and
42, =0.17 were obtained. For variations of the [Tz, 2)|2
smaller than 5% following linear relation was found to
hold:

6% ol ol
2 Nl ——
i |712+ 2)|

where ag+ ,=—7.1 and a0+—13 8. A similar linear -
behaviour results from varying |T,.|?> where now the
slopes are: a,+, 2)—3 9 and o+ =— 11 8. Negatlvc parity
fractions as well as p®n* =~ and n* =~ =™ =~ contribu-
tions are less sensmve to such variations, since these
processes are only weakly correlated with (2%, 2) and
0*. We conclude that small systematic or statistical er-
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Fig. 3. Cross sections for different J¥ states -of p° p°, and for the
p°n* n” and n* =~ nt n” states (assuming phase-space distribu-
tion), as determined by a 7 parameter fit in W,, bins of width

rors on [Ty« 5|% or [Ty+|* could account for the differ-
ences in the (2%, 2)/0* ratio among the experiments.
At the same time this could also explain why all experi-

100 MeV/c? (histogram) and 50 MeV/c? (circles). Also shown is
the sum of the cross sections over all J¥ states of p° p°

ments agree on the smallness of negative parity contribu-
tions. :
The combined statistical and systematic errors on the
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Fig. 4. One~dimensional angular distributions (the definition of the
angles is given in the text) for 1.6<W,,<1.8 GeV/c>. The result
of a 7 parameter fit (circles) is compared to the data (crosses).
Also shown are the simulated distributions for various p° p° spin-
parity states: J*=0" (dotted line), J°=0" (dashed line), J*=2"*
with helicity 2 (solid line) and J* =2~ (dash-dotted line)

acceptances 7, are 8%. Since only the ratio of the accep-
tances /1,4, is important for the determination of |T;|?
and thus for the fractions AZ, the uncertainties in the
acceptances to a large extent cancel out. In our case
the combined statistical and systematic error on |T;|?
is 2.1% [17].

The stability of our results has been checked by divid-
ing the n* 7~ n* =~ events into two samples, one with
boost values |cp,|/W,,<0.32, and the other with
fcp.l/W,,>0.32. Here p, represents the component of the
n* 7 n* #” momentum along the beam axis. The boost
value of 0.32 was chosen to separate the data into two
samples of about equal number of events. The accep-
tances and average matrix elements | T;]? were calculated
for each data sample separately. For the low boost sam-
ple the acceptances for various J* states do not differ
as much as for the high boost sample. On the other
hand, we expect that if there is a systematic uncertainty
in | T;|? it is not the same for low and high boost values.
For example, higher boosts mean that there are more
charged tracks hitting the forward part of the spectrome-
ter. Such changes in the event topology have an impact
on the trigger acceptance [17]. A 7 parameter likelihood
fit was performed on both samples. The results are shown
in Fig. 6. The cross sections determined separately from
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Fig. 5. Two-pion invariant mass distributions m, .- (four entries
per event) and m,... (two entries per event) for 1.6<W,,
<1.8 GeV/c?. The data (crosses) are compared to the results of
a 7 parameter fit (circles)

Table 2. The values for chi-square/N; obtained from the comparison
of the one dimensional angular and two-pion invariant mass distri-
butions in the data with the results of a 7 parameter fit (see also
Fig. 2). N, is given (values in brackets) by the number of bins minus
one for the overall normalisation

W, cos 9 % Mlys - s s
(GeV/c?)

12—-14 1.65(9) 1.50(9) 3.22(14) 1.33(14)
14-1.6 1.70(9) 2.85(9) 0.85(16) 2.06(17)
1.6—1.8 2.25(9) 3.07(9) 0.91(20) 2.35(20)
1.8—2.0 2.90(9) 4.76(9) 1.53(24) 2.73(24)

the low- and high-boost data, are consistent within the
errors, and agree with the results found in the complete
data sample. From the comparison of the (27, 2) cross
section for the low- and high-boost data, we determine
the average systematic error per W,, bin for the (27,
2) cross section to be 14%. This is consistent with the
direct estimate of the systematic errors on the average
matrix elements | T;|2.

In summary, the systematic error on the cross section
of each contribution k is estimated by

Ac,,.=)/5*+(0.100,,/nb)> nb,
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where the first term originates from the systematic errors
on the fractions and the second term from the systematic
errors on the acceptances and the integrated e* e™ lu-
minosity. The systematic error on the sum of the p° p°
cross sections is approximately given by

A 050,50 =]/252 -+ (0.1.00'p0p0/nb)2 nb.

The likelihood method was extensively tested using
Monte Carlo events [17]. Event samples with different
J¥ compositions were used as input data and analyzed
in the same way as the measured data. In all cases the
input data were correctly reproduced. When the number
of amplitudes was larger in the fitting procedure than
in the input data, those amplitudes that were not in-
cluded in the input data gave also no contribution. How-
ever, when some amplitudes were neglected in the analy-
sis they would appear in the channels with the largest
correlation coefficient. For example, neglecting 07 in the
fit caused a migration to (2%, 2). We also studied the
case where only phase-space distributed p° p°, p®n* 7~
and 7t n~ =" =~ configurations were allowed in the fit,
while the input data contained several J” states of p° p°
in addition to the phase-space distributed p° z* =~ and
n* n” nt n”. The result of the analysis shows that the
isotropic p® p° channel absorbs all J* states of p° p°.
In this context it should be noted that our data could
also be well fitted with such an isotropic p° p° hypothe-
sis.

We now turn to the discussion of the p° n* =~ contri-
bution. C-parity requires the angular momentum be-
tween the two pions to be odd, thereby forbidding an
isotropic angular distribution. It is thus necessary to
check the migration of possible non-isotropic p® 7+ 7~
states. For this reason p° p® and p®z* 7~ Monte Carlo
events were taken as input data. Each was composed
of three components: J*=2" with helicity 2, JF=0",
and a component with an isotropic angular distribution.
In the analysis, however, all three were included only
for p° p°, while p® =™ n~ was restricted to the isotropic
contribution. We found that the (2%, 2) and most of
the 07 p°n* =~ events did indeed contribute to the iso-
tropic p° ¥ =~ channel, with only a small fraction of
JP=0" p°n* n~ events migrating to the J*=0" p° p°
channel. The same was true if the (2%, 2) and 0~ compo-
nents were replaced instead by 0% and 2. It appears
that the Breit-Wigner form of the invariant masses is
more restrictive than the angular distributions. Thus, we
conclude that the p® z* =~ contribution can be reliably
estimated using an isotropic angular distribution in the
fit. The isotropic p® n* =~ channel also absorbs possible
contributions from the reaction yy—a;(1260)* n¥
—p°n* n¥. The large width of the a, resonance and
the eight possible af =¥ combinations per event, wash
out any differences between the two-pion invariant mass
spectra of a, = and p°n* =~ events. A search for the
reaction yy—a,(1320)* n¥ - p°z* z¥ was also per-
formed in our data sample. However, it was found that,
for W,, below 1.8 GeV/c?, the Monte Carlo events gener-
ated according to p° p° phase space reproduced the ob-
served shape of the three-pion invariant mass spectra.
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Therefore, a non-zero amplitude for a, (1320)* =¥ is not
required to describe our data.

VI Summary and conclusions

We have studied the reaction yy—>n”" 7~ n" n~ and
found a dominance of p° p°® production in the region
below W,,=1.8 GeV/c?. The large value of the cross sec-
tion below the nominal p° p° threshold indicates a steep
rise of the transition matrix element in the W,, region
below 1.5 GeV/c®. A 7 parameter spin-parity analysis
of the four-pion final state has been performed. The cross
section for yy - p° p° is found to be dominated by the
partial waves J*=2% with helicity 2. The inclusion of
interference terms between 0© and (2%, 0) and between
the 0~ and 2~ amplitudes (a 9 parameter fit) does not
change this conclusion. A possible explanation for the
disagreement among existing experimental results [3, 5,
6] for the ratio of the (2%, 2) and 0" amplitudes was
investigated. It has been shown that small systematic
or statistical errors in the determination of [T, ;)| or
[Ty-|? may be the cause for the differences. A strong
suppression of the helicity 0 contribution to the 2* am-
plitude with respect to helicity 2 is also observed. The
contribution of negative parity states in the yy— p° p°
reaction is small, in contrast to the large p° p° yield
with J®=0" in radiative J/i decays [18].

It is interesting to compare our results with the results
on the isospin related reaction yy—p* p~ [7, 8]. The
ratio of the cross sections is 6,0,0/6,+,- ~4. This result
cannot be explained if only pure I=0 or I=2 states
are produced, but implies that I =0 and I =2 states inter-
fere constructively in the p° p® and destructively in the
p* p~ channel. The observed ratio of the cross sections
and the dominance of one spin-parity state, JF =27 with
helicity 2, can be explained by a superposition of an
I=0 and an exotic I =2 state with the same spin-parity
quantum numbers. Such an interference pattern was pre-
dicted in [9] in the framework of the MIT bag model.
This mode] predicts two degenerate four-quark states
around 1.6 GeV/c? with I=0 and I=2 and spin parity
JP=2" which have super-allowed decays into pp [19].
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