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Abstract. The reaction 77 ~ n + n-  n + n-  has been stud- 
ied with the ARGUS detector. The rate in the invariant 
mass region below 1.8 GeV/c 2 is found to be largely due 
to pO pO production. A spin-parity analysis shows a dom- 
inance of the partial wave (je, j~)= (2 +, 2) with a small 
admixture from Je=0+.  The contribution of negative 
parity states is consistent with zero. The large ratio of 
cross sections a (77 ~ P 0 p 0)/a (77 ~ P + P -) -~ 4, and the 
dominance of the jF = 2 + wave in the reaction 77 ~ pO p0 
is a signature consistent with the production of an exotic 
(I = 2) resonance. 

I Introduction 

The reaction 77 ~ pO pO has been shown to have a large 
cross section in the region of the nominal pO pO 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 7 7 ~ 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 pO 
mesons can only be in a state with I = 0, I =  2 or some 
mixture of the two. The large ratio of the pO pO 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 77 ~p0  pO and destructive 
7 ~ ~ 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 p p 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 q qqq 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 77 ~pO pO 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 77 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 (je) states of the pO pO system. 

This paper is organized as follows. In Sect. II 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, 77 
~7~ + 7~- n + ~z-, is observed in e + e- storage rings via 
the reaction 

e + e - ~ e + e - n + n - n + n  -. 

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 ]cos01<0.92, and for the 
transverse momentum pt> 50 MeV/c. In the accepted 
range the efficiency is almost independent of cos 0, while 
it increases with Pt and reaches 50% (80%) of the plateau 
value at 100 MeV/c (200 MeV/c). 

To further enhance exclusive 7 ~ - ~ n + n - n + n  - 
events we required the net transverse momentum, JXpti, 
to be smaller than 0.12 GeV/c and the sum of scalar 
momenta, XIpl, 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 lie in 
the invariant mass region between 1.1 and 2.3 GeV/c 2 
(Fig. 1). 
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Possible background from z decays was estimated us- 
ing Monte Carlo simulated e + e- ~ r  + ~- events. Scal- 
ing the number of z events to the luminosity of the data 
sample, we estimate the background from z decays to 
be 3 events in the 77 invariant mass region below 
2.3 GeV/c 2. The background from incompletely recon- 
structed events of the type e + e- ~ hadrons, was estimat- 
ed in a similar way to be 2 events. The background 
from the reaction 77--,~ + ~z-g+ ~z-~z ~ where photons 
from the ~o 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 7 7 ~ N ~  events 
(N > 6), where two or more pions were not reconstructed, 
was estimated from the [Sp~l 2 distribution�9 The shape 
of the IZpt] 2 spectra for 7 7 ~ + ~ - ~ + ~ r  - and 77 
--,re + ~c- g+ ~c- rc ~ (with a missing rc ~ 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�9 The 
Iz~ptl 2 distribution of rc + re-rc + re- events 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 ISp~] 2 distribution contributes less than 46 
events to our final samples, at the 90% confidence level�9 
This procedure also takes into account the background 
originating from z decays and from events of the type 
e + e-  ~ hadrons. 

In total, we estimated the background from the pro- 
cesses e + e- ~ z + r -  und e + e- ~ hadrons to be 5 events 
and the background from the reaction 77 
~ +  ~ - ~ +  ~-~o,  where the ~o is not detected, to be 
42 events�9 The feeddown contribution from the reaction 
77 ~NT~ (N>6)  is less than 41 events (90% c.l�9 

III Analysis  o f  the Ir + ~ rc + ~ -  final state and the 
m a x i m u m  likelihood method 

Most of the measured 7r + ~-  7c + 7c- events have invar- 
iant masses in the region between 1 and 2 GeV/c 2 
(Fig. 1). The invariant mass distribution peaks just below 
the nominal pO pO threshold. The TASSO collaboration 
[1] first observed that the final state in 77 ~ ~z+ ~-  Ic+ ~-  
consists mainly of pO p0, for 77 invariant masses, W~, 
below 1.8 GeV/c 2. This result has been confirmed by 
other measurements [2-6]�9 

In analyzing the reaction 77 ~ ~ + ~z- ~z + ~-  we allow 
for pO p0 production in different (je, j~) states, as well 
as for incoherent contributions of p~ and 

+ ~-  ~+ ~- .  The latter two processes are taken to be 
uniformly distributed in phase space�9 As has been 
pointed out in [9], this assumption is unphysical in the 
case of 77~p~ + ~- .  However, our study shows that 
phase-space distributed contributions of po ~z+ ~-  and 
7r + 7~-7c + ~-  are able to acount for those final states 
which cannot be described by pO pO production�9 The ef- 
fect of the presence of an unphysical pO ~+ ~ -  state on 

the results of the pO p0 partial-wave analysis is discussed 
in Sect. V. 

The final states in no-tag 77 reactions are constrained 
to even spins with helicity Jr=0,  and to J e = 2 + ,  3 +, 
4 + . . . .  states with helicity Jr= _+2 (z axis in 77 direction) 
[13]�9 If we assume that for W~ below 2 GeV/c 2 the only 
important pO pO states are those with spin J <  2, we are 
left with five different possible spin-parities (je, j~)=0 +, 
0-,  (2 +, +2), (2 +, 0) and 2-.  The wave function describ- 
ing the rotational properties of a certain JP state is con- 
structed by first combining the spin of the two pO mesons 
J=Jl  +J2, and then by adding the orbital angular mo- 
mentum L to obtain the total spin J = j  + L: 

~' ,~z (1, 2) = Z Z 
(m+ M=Jz) (ml +m2 =m) 

J" Yy(O, r Y]~I (01 , q~l) YJ2 (02, 02), �9 CJJz jm ,L  M Cj lm l , j 2m  2 rna 

where 0, q5 are the polar and the azimuthal angles of 
the pO meson in a coordinate system with the z axis 
along the 77 axis (77 helicity system), which for the no- 
tag reaction, to a good approximation, coincides with 
the beam axis. The angles 01, 41 (Or, q~2) define the 
direction of the ~1-(2) in the center-of-mass system of the 
first (second) pO. Both pO systems have coordinate axes 
parallel to those of the 77 helicity system. The C's are 
the appropriate Clebsch-Gordon coefficients. 

The possible values of pO pO orbital angular momenta 
are L = I  for JP:O-, L=0,2  for JP=0 +, L = l , 3  for JP 
= 2-,  and L = 0 ,  2, 4 for je=2+�9 Since the analysis of 
the reaction 77 ~pO p0 is performed close to threshold 
we feel justified in restricting the orbital angular momen- 
ta to L = 0 and L = 1. For  a hard-sphere scattering model 
with an interaction radius of 1 fro, for example, higher 
values of L become important only in the Wy 7 region 
above 1.8 GeV/c 2 [14]. Note that in the case of L = 0  
or L = 1, the spin j of the two p0 mesons is also unique, 
so that we will drop the wave function indices L and 
j in the following�9 

In order to describe n + ~z- ~ + n -  production by two 
photons we define amplitudes for pO pO production in 
the different (je, Jr) states and amplitudes for isotropic 
p0 re+ 7c- and rc + ~-  n + re- 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 r is redundant in a no-tag experiment) and the 
two invariant masses of the oppositely charged pions 
(rn~+ =_ -mpo). Apart from factors dependent on W~ the 
amplitudes read: 

(a) pO pO production: 

Tf~'J~ - RBW(mp~) RBW(mp~) ~ ,  j (1, 2) + permutation, OpO - -  , 

(b) isotropic pO ~+ ~-  production: 

Too~ + ~- = RBW(moo) + permutations, 

(c) isotropic ~ + ~-  ~ + ~z- production: 

T,~= 1, 

where RBW(mpo) is the relativistic Breit-Wigner ampli- 
tude for the p0 resonance [3, 15]. The permutations sym- 



metrize the matrix elements with respect to identical 
pions, since four p0 re+ ~-  and two p0 pO combinations 
are possible in a single rc + re- ~+ re- event. For the po po 
state with JP=  2 + 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 p0 p0 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 
J P = 0  +, enters the expression for the cross section. The 
same holds for the sum of J P = 0 -  and J ~ = 2 -  ampli- 
tudes (note that JP=  2-  with helicity 2 is absent). 

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

N 

In L = ~ In ~ Pk,, 2k ,l, Mk (i) M* (i) 
i = 1  k,r 

- N I [~ ~,, ,1~ ,1, M~ (x) M* (x)] 
k,l" 

t/(x) �9 (x) o) 4 (x) d x, 

where Mk(i)= T k(i) , 
1/[r~l 2 

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 Po+,(2+,0)=exp(i6+) and Po-,2-=exp(i6_). 
The normalization integral and the average of the square 
of the matrix element, ~ ,  are calculated using a Monte 
Carlo method. Both integrations are performed over the 
acceptance tl (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 y ? system were generated according to the 
exact expression for the transverse 77 luminosity func- 
tion �9 (x) [16]. The generation of pion momentum vec- 
tors was performed according to the particle phase-space 
density o)4(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 2k and the two relative phases, 
c5 + and 6_, are obtained by requiring a maximum value 
for the likelihood function. In the case of non-interfering 
amplitudes, where 2~ represents the fraction of measured 
events which belongs to the process k, we have varied 
22 and not ,1k, SO that the procedure does not exclude 
negative fractions. 

IV Determination of  the cross sections 

A fit to the data was performed using nine free parame- 
ters: seven amplitudes ,1k and two relative phases 6+ 

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 VK,~ range the negative parity ampli- 
tudes 0 -  and 2- ,  as well as the (2 +, 0) amplitude, were 
small, leading to negligible interference terms. Note that 
a measurement of the W~ dependence of the phases 6+ 
or 6_ could provide a tool for testing the presence of 
resonances. Unfortunately, because the (2 +, 0) amplitude 
is small, it seems unlikely, even in an experiment with 
much better statistics, that the W~ dependence of the 
phase 6 + could be measured. 

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

N,1~ 1 1 
Crw--'k = rlk e Lr162 AL 

A w~ A VIZ~ ~ 

where N is the number of events in the A W~ bin, Lee 
is the integrated e + e-  luminosity and A L / A W  w is the 
differential 77 luminosity function. The acceptances are 
given as products of the two terms ~k and e [17]. The 
efficiency for the selection requirement that no photons 
are detected in the event (see Sect. II) 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 t/k (Fig. 2). 
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The results of the analysis in 100 MeV/c 2 bins of W~ 
are given in Table 1. The cross section for the JP=  2 + 
with helicity 2 wave is dominant. The contribution from 
negative 0-  and 2-  is small. The helieity 0 component 
of J e = 2 +  is suppressed with respect to helicity 2, as 
is also observed for tensor meson production in 7 ~ reac- 
tions. The analysis was also performed using 50 M e V / c  2 
wide bins in W~7. 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 jv states. There are two relative angles 
which are only weakly affected by the acceptance. From 
the distribution of the angle 0 between the directions 
of the re+ from the first and the re+ from the second 
po, each direction measured in its own center-of-mass 
system, it is possible to distinguish j r= 0 + from j r= 2 + 
(Fig. 4 a). On the other hand, the distribution of the angle 
X between the two pO decay planes is sensitive to the 
parity of the amplitudes (Fig. 4b). Neglecting the width 
of the pO, the )~ distributions are dN/d)~oc(1 +o~ cos 2;{), 
where , = -  1 for Jr=O- and c~= 2/3 for JP=  0 +. For 
other spin-parity states the values of a lie between these 
two extremes. However, the wave function symmetriza- 
tion for pO mesons with finite width (two possible pO pO 
combinations per event) spoils the symmetry around 
;{ = 90 ~ an effect which decreases with increasing pO pO 
center-of-mass energy WT~. For the same reason the an- 

Table 1. Cross sections (in nanobarns) for various d e states ofp ~ po, 
and for the p~ ~-  and ~+ ~-~z + ~-  states (assuming phase- 
space distribution), as obtained by a 7 parameter fit. Also given 
is the sum of the cross sections over all je  states of pO pO. 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~, 0 + 0-  (2 +, 2) (2 +, 0) 
(GeV/c 2) 

1.2-1.3 10.1• 4.4• 21.6• -5 .0•  
1.3-1.4 15.2• 3.3• 42.7• -2 .9•  
1.4-1.5 17.2• 2.5• 45.5• 2.1• 
1.5-1.6 10.2• -1 .1•  56.8• -10.4• 
1.6-1.7 4.0• 3.9• 52.5• 3.5• 
1.7-1.8 10.1• 0.9• 35.4• 0.7• 
1.8-1.9 -11.8•  7.7• 34.7• 4.5• 
1.9-2.0 2.9• 4.2• 18.5• 2.8• 
2.0-2.1 -5 .8•  0.3• 19.6• 4.7• 
2.1-2.2 2.4• -0 .1•  4.6• 4.4• 

W~ ~ 2 p ~ Tr + Tr - ~z + ~ - ~z + ~ Z p ~ p ~ 

(GeV/c 2) 

1.2-1.3 -0 .5•  11.8• 2.1• 30.6• 
1.3-1.4 0.4• 9.2• 18.7• 58.9• 
1.4-1.5 1.8• 3.1• 18.8• 69.4• 
1.5-1.6 2.9• 3.2• 25.5• 58.6• 
1.6-1.7 -0.2•  0.9• 19.7• 63.9• 
1.7-1.8 -2 .0•  13.8• 13.4• 45.3• 
1.8-1.9 -6 .5•  20.2• 20.8• 28.8• 
1.9-2.0 -1 .6•  12.1• 27.7• 26.9• 
2.0--2.1 --2.6• 9.0• 29.5• 16.1• 
2.1-2.2 2 . 3 •  10.5• 20.3• 13.6• 

gular distribution dN/d cos ~ is also asymmetric. This 
asymmetry in the distributions of the anglex X and 0 
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 0 and ~, 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 0 and X distribu- 
tions are given in Table 2 for various Wy~ 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 2 + 
partial wave observed in our data is consistent with the 
results in [6]. However, they found equal contributions 
of the (2 +, 2) and (2 +, 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 2 + for W ~ < l . 7  GeV/c  2 was 
found. In order to test whether 0 + dominance is compat- 
ible with our data we repeated the likelihood fit with 
the (2 +, 2) contribution constrained to zero. The fit com- 
pensates for the missing (2 +, 2) component by increasing 
the 0 +, 2-  and pO re+ re- contributions. However, the 
likelihood functions in the W~ range from 1.2 to 
1.8 GeV/c  2 differ by about fifty from those of the best 
fit, excluding such a possibility at the 10 (r level. This 
conclusion is confirmed by the fact that the chi-square 
values obtained with this fit for distributions of cos 0 
and ~ increase by about 2. 

We have investigated a possible explanation for thc 
disagreement between various experiments. The values 
of 22 that correspond to the maximum of the likelihood 
function depend strongly on I Tkl z. It is essential to deter- 
mine I T ~  with high precision for those amplitudes with 
similar distributions in the multidimensional space of 
the measured quantities. As an example, we present the 
results of our study in the W~ bin between 1.4 and 
1.5 GeV/c  2, where the fraction values  2~2+,2)=0.61 and 
2o 2 + = 0.17 were obtained. For variations Of the I T(2 +, 2) 12 
smaller than 5% following linear relation was found to 
hold: 

22 ~ak 

where a(2+,2)=--7.1 and ao+=13.8. A similar l i n e a r  
behaviour results from varying IT o+ 12 where now the 
slopes are: a(2 +. 2)= 3.9 and ao + = - 11.8. Negative parity 
fractions as well as pO re+ re- and re+ re- re+ re- contribu- 
tions are less sensitive 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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rors  on I T~e ~ [To+ I z +,2)1 or could account  for the differ- 
ences in the (2 +, 2)/0 + rat io  a m o n g  the experiments .  
At  the same  t ime this could also explain why all experi-  

ments  agree on the smallness of  negat ive par i ty  cont r ibu-  
tions. 

The  combined  statistical and  sys temat ic  errors  on the 
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acceptances ~k are 8%. Since only the ratio of the accep- 
tances t/,~/t/4~ is important  for the determination of I Tkl 2 
and thus for the fractions 2 z, the uncertainties in the 
acceptances to a large extent cancel out. In our case 
the combined statistical and systematic error on ITkl 2 
is 2.1% [17]. 

The stability of our results has been checked by divid- 
ing the rr + re- ~+ ~ -  events into two samples, one with 
boost  values Icp, I/W~7<0.32 , and the other with 
[cp~]/W~7 > 0.32. Here p~ represents the component  of the 
~+ re- ~+ ~ -  momen tum 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 I TkF were calculated 
for each da ta  sample separately. For  the low boost sam- 
ple the acceptances for various JP 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 ITk] 2 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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Table 2. The values for chi-square/Nd 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). Ne is given (values in brackets) by the number of bins minus 
one for the overall norm~lisation 

W~7 c o s  u ~ Z m~+ ~_ mn~  ~ 

(GeV/c 2) 

1.2-1.4 1.65(9) 1.50(9) 3 . 2 2 ( 1 4 )  1.33(14) 
1.4-1.6 1.70(9) 2.85(9) 0 . 8 5 ( 1 6 )  2.06(17) 
1.6-1.8 2.25(9) 3.07(9) 0 . 9 1 ( 2 0 )  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. F rom the comparison of the (2 + , 2) cross 
section for the low- and high-boost data, we determine 
the average systematic error per W~ bin for the (2 +, 
2) cross section to be 14%. This is consistent with the 
direct estimate of the systematic errors on the average 
matrix elements I Td 2. 

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

A a~_~k = ]/52 + (0.10 %~ _~/n b) 2 nb, 



.Iz 

v 

o ~ 

~J 
~0 

o 

0 

80.0 

q O . 0  

0.0 

80.0 

qO,O 

0.0 

80.0 

tlO.O 

0.0 

80.0 

t l 0 . 0  

0 , 0  

0 + O_ 

1 i i i l i ~ , 1 , i i , 

(2+,2) 

_ 

l l A i i , i l l , , 

~+~-~§ 

_~_: 

1 , 5  2 . 0  . 0  

i 

(2+0) 

p07r+$r- 

--•• ZJ ~ 

i , , . I 

1 , 5  2 , 0  2 . B  

w [Gev/o2] 

Fig. 6. Cross sections for different j e  states of pO pO and for the 
pO ~+ ~ and rc + ~ -  ~+ ~ states (assuming phase-space distribu- 
tion), as determined by a 7 parameter fit for events with boost  
values below 0.32 (circles) and for events with boost  values above 

0.32 (histogram). Also shown are the corresponding sums of the 
cross sections over all j e  states o fp  ~ pO. The definition of the boost  
is given in the text 



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 pO po 
cross sections is approximately given by 

A aoooo = ]/2.52 + (0.10 Crpopo/nb) 2 nb. 

The likelihood method was extensively tested using 
Monte Carlo events [17]. Event samples with different 
Je 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 0 + in the 
fit caused a migration to (2 +, 2). We also studied the 
case where only phase-space distributed p0 pO, pO re+ re- 
and ~z + re- rc + rc configurations were allowed in the fit, 
while the input data contained several JP states of pO pO 
in addition to the phase-space distributed pO re+ re- and 
~+ z -  rc + re-. The result of the analysis shows that the 
isotropic po pO channel absorbs all jF states of pO pO. 
In this context it should be noted that our data could 
also be well fitted with such an isotropic pO pO hypothe- 
sis. 

We now turn to the discussion of the p0 ~c + re- 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 pO re+ 7r- 
states. For  this reason pO pO and pO re+ re- Monte Carlo 
events were taken as input data. Each was composed 
of three components: je = 2 + with helicity 2, je = 0-, 
and a component with an isotropic angular distribution. 
In the analysis, however, all three were included only 
for p0 po, while po re+ 7r- was restricted to the isotropic 
contribution. We found that the (2 + , 2) and most of 
the 0-  p0 re+ re- events did indeed contribute to the iso- 
tropic p0 re+ re- channel, with only a small fraction of 
JP=0-  p0 7.c+ 7Z- events migrating to the J P = 0 -  pOpO 
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 pO ~z + z -  contribution can be reliably 
estimated using an isotropic angular distribution in the 
fit. The isotropic pOrc + ~-  channel also absorbs possible 
contributions from the reaction 77~al(1260)-+~z T 
~ p ~  + rc -v. The large width of the al resonance and 
the eight possible a + 7z -v- combinations per event, wash 
out any differences between the two-pion invariant mass 
spectra of al rc and po re+ re- events. A search for the 
reaction 77~a2(1320) -+ ~z;- ~p~ -+ 7~ 7- was also per- 
formed in our data sample. However, it was found that, 
for l/V~r below 1.8 GeV/c z, the Monte Carlo events gener- 
ated according to pO p0 phase space reproduced the ob- 
served shape of the three-pion invariant mass spectra. 

Therefore, a non-zero amplitude for a2 (1320) + rc r- is not 
required to describe our data. 

VI Summary and conclusions 

We have studied the reaction 77--* ~+ re-rc + re- and 
found a dominance of pO po production in the region 
below W~ = 1.8 GeV/c 2. The large value of the cross sec- 
tion below the nominal pO pO threshold indicates a steep 
rise of the transition matrix element in the I;V~ region 
below 1.5 G e V / c  2. A 7 parameter spin-parity analysis 
of the four-pion final state has been performed. The cross 
section for 77 ~ p 0  p0 is found to be dominated by the 
partial waves JP=  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 IT(2+ 2)12 or 
[To. 12 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 7 7 ~ P  ~ pO 
reaction is small, in contrast to the large pO po yield 
with Jr=O- in radiative J/~ decays [-18]. 

It is interesting to compare our results with the results 
on the isospin related reaction 7 7 ~ P  + p -  [7, 8]. The 
ratio of the cross sections is %%~ p_ ~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 pO pO and destructively in the 
p + p -  channel. The observed ratio of the cross sections 
and the dominance of one spin-parity state, JP=  2 + 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 [-93 in the framework of the MIT bag model. 
This model predicts two degenerate four-quark states 
around 1.6 G e V / c  2 with I = 0  and I = 2  and spin parity 
J P = 2  + which have super-allowed decays into pp [19]. 
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