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Abstract. We have measured the cross section of four 
charged pion production in photon-photon interac- 
tions in the invariant mass range 1.0=<_ W~ =< 3.2 GeV 
and up to Q2 = 16 GeV 2. For  1.2 GeV___< W~_< 1.7 GeV 
the process is dominated by pOpO production with 
a rapid rise in cross section around 1.2 GeV, well be- 
low the nominal pO pO threshold. The observed distri- 
butions in the two particle masses and in the produc- 
tion and decay angles are well described by an inco- 
herent sum of the phase-space subprocesses 77 
~pOpO, __+pOn+ n-, a n d ~ n  + n -  n + n - .  A spin-par- 
ity analysis of the pOpO system shows JP=  2 + to domi- 
nate, although 0 + is also possible for W~<  1.4 GeV. 
Negative parity states are excluded. 

1 Introduction 

A large cross section for pOpO production in photon- 
photon collisions has been observed in several experi- 
ments [1-6]. In contrast to pOpO the production of 
p + p -  was shown to be small [7]. There exist a 
number of attempts to describe these experimental 
results [8-13] (for reviews see [14 19]). Factorization 
arguments [8, 9] lead to the interpretation of the 
broad enhancement in the pOpO cross section around 
1.6 GeV as a normal threshold behaviour. Some mod- 
els suggest an intermediate pOpO resonance [11, 13]. 
The proposed models differ substantially in the pre- 
dicted cross sections for pair production of other vec- 
tor mesons, e.g. 77--+ p~ 77--+ ~b~b. 

In this paper we present results on the four-pion 
cross section in photon-photon scattering. The data 
were obtained 1981/82 at PETRA with the detector 
P LUTO in a dedicated two-photon experiment. The 
acceptance is good down to small polar angles, due 
to the installation of two forward spectrometers. A 
total integrated luminosity of 45 p b -  a was collected 
at an average e + e -  center of mass energy of 34.7 GeV. 

Section 2 gives a brief survey of the detector and 
the data selection. In Sect. 3 the relative contributions 
of n + n-n + n- (NR)*, p~ n-, and p~ p~ 
are given and the total cross section on 77 
--*n + n -  n + n -  for no-tag and single-tag data is evalu- 
ated. To check the interpretation of the enhancement 
as a resonance a spin-parity analysis is performed, 
and cross sections for different spin-parity assign- 
ments are given. Section 4 gives a comparison with 
other results and a discussion of possible theoretical 
interpretations. Section 5 gives a final summary. 

* So as n o t  to  confuse  the  to t a l  c ross  sec t ion  for  ~ y ~ n + n  n+n 
with  the  n o n - r e s o n a n t  s u b p r o c e s s  77-~n+n-n - zc  - we a d d  in 
b r a c k e t s  N R  to  the  l a t t e r  

2 Detector description and data selection 

The data presented here were obtained at the P ETR A 
storage ring at DESY with a beam energy of 

17.34 GeV (~/s= 34.7 GeV) using the P LU TO  detec- 
tor which has been described in detail elsewhere [20]. 
The central detector consists of 13 cylindrical multi- 
wire proportional  chambers (MWPCs) in a 1.65 T 
magnetic field, which measure charged particles for 
polar angles O >25 ~ The momentum resolution is 
ap/p= 5% for momenta relevant to this analysis. The 
total material seen by a particle traversing the central 
detector is 0.30 radiation lengths. Photons are de- 
tected in the endcap shower counters 

(0.58 < ]cos 01 < 0.95; aJE= 19%/E/[/E/G~) and in 
the barrel shower counter (IcosOl<0.64;  a~/E 
= 28 ~ ) . 

In addition, two forward spectrometers [21] mea- 
sure charged particles between 90 and 260 mrad and 
photons between 23 and 260 mrad. Charged particles 
are measured in the forward spectrometers with a 
momentum resolution of ap/p=3%.p[GeV]. Elec- 
trons and photons are identified and measured in 
shower counters. The shower energy resolution is 

1 6 .5 %/ ] /~G eV  for the small angle tagger (SAT, 

and 25%/]/~-/GeV in the 23 m r a d <  O <60  mrad), 
large angle tagger (LAT, 85 mrad _< O _< 300 mrad). 

The angular coverage of the full detector is 93% 
of 4n for the tracking chambers, and 99% of 4n for 
electromagnetic shower counters. The total integrated 
luminosity used was 28.7pb -1 for the no-tag and 
26.3 p b -  1 for the single-tag sample. 

The essential trigger condition for no-tag events 
was the track trigger of the central detector. It re- 
quired at least two tracks extending to MWPC 12 
with ]cos O]<0.8 and transverse momenta greater 
than 350MeV/c, separated by an azimuthal angle 
larger than 84 ~ . The experimental trigger for single- 
tag events required a SAT shower energy of at least 
6 GeV in conjunction with at least one track extend- 
ing to MWPC 6 in the central detector, or a high 
energy deposit (>  4 GeV) in the LAT. The track trig- 
ger was fully efficient for tracks at ]cos O] <0.8 with 
transverse momenta to the e + e - -beam axis greater 
than 150 MeV/c. The LAT trigger was efficient (98%) 
for energies > 8 GeV [23]. 

Photon-photon interactions are characterized by 
a total invariant mass ~ ~ which can be determined 
from the two scattered electrons, if both are detected 
(double-tag events). The majority of data, however, 
comes from no-tag and single-tag events, for which 
the invariant mass must be determined from the had- 
ronic final state. For  our analysis we used data with 
1.0< W ~<  3.2 GeV. Most of the data are from the 



no-tag sample, where both scattered leptons remain 
in the beam pipe and are not detected. The average 
Q2 for these no-tag events is <Q2> =0.008 GeV 2 [22]. 
In the single-tag case the Q2 coverage is 0.1<Q 2 
< 1 GeV 2 for the small angle tagger (SAT) and 1.0 
< Q2 < 16 GeV 2 for the large angle tagger (LAT). 

The data for the reaction ? ? ~ rc + i t -  ~t + re- were 
selected from the triggered events by requiring events 
with four charge balanced tracks and no additional 
photons (no shower energy cluster with more than 
100 MeV). The tracks had to be fully reconstructed 
(at least five points in the r -~p  plane), and had to 
originate from the interaction point within a trans- 
verse distance of less than 2.0 cm (rsp. 4.0 cm) for par-  
ticles in the central detector (rsp. in the forward spec- 
trometers). A longitudinal distance cut of <4.0  cm 
with respect to the interaction point was applied. At 
least three of the four tracks had to have a m omen tum 
of > 150 MeV/c. The squared sum of transverse mo-  
menta I S prl 2 was used to select exclusive ??-events. 
For  the no-tag sample and for the single-tag sample 
(where the transverse momen tum of the tagged elec- 
tron was included) we demanded IS pTI 2 <0.10 GeV 2 
and IS prl 2 < 0.15 GeV 2, respectively. These selections 
yielded 198 single-tag and 2272 no-tag events with 
1.0 < W~ ~ < 3.2 GeV. 

The background from cosmic rays, beam-gas in- 
teractions and off-momentum particles was estimated 
from the side bands in the longitudinal vertex distri- 
bution of fitted tracks to be 1.2% for no-tag and 0.9% 
for single-tag events. The background from other pro- 
cesses was determined from Monte  Carlo studies to 
be 1.0 event from the channel e+e  - ~ h a d r o n s ,  
0.7events from the channel e + e - - - + z + z  - ,  and 2.0 
events from the reaction ? ? ~ z + z -  in the no-tag sam- 
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ple. For  the single-tag sample the total background 
was less than one event. Since the number  of back- 
ground events was low, we did not subtract the back- 
ground, but included it in the systematic error. 

P L U T O  has a limited ability to identify hadrons.  
Therefore, the four-track sample contains also events 
such as Y? ~ K + K -  re+re-. The cross section for this 
process in the kinematic range considered here is, 
however, small [5, 24]. 

3 Determination of the total cross section for 
y~--,~+~-~+~- 

3.1 Pion pair spectra 

For  a final state of four charged pions, four unlike- 
sign two pion combinations and two like-sign combi- 
nations can be constructed. Figure 1 a, b shows the 
mass distributions for the unlike-sign combinations 
in the no-tag and single-tag data, with four entries 
per event. Also given are the distributions of the cor- 
responding like-sign combinations (two entries per 
event, hatched histograms). 

The mass distributions of the unlike-sign combi- 
nations exhibit a clear p~ This is improved 
by subtracting the combinatorial  background given 
by the mass distribution of the like-sign combinations 
(Fig. 1 c, d). A fit to the data gives a pO mass and 
width in good agreement with the known pO parame-  
ters [25]. These mass plots and in particular the scat- 
ter plots of the n n mass combinations (Fig. 2a, b) 
indicate that a large fraction of the four pion final 
state originates from an intermediate pOpO state. 
These scatter plots represents the input data  for the 
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Fig. 1. a, b Mass distributions for two-pion like- 
sign (shaded area) and unlike-sign combinations 
for no-tag and single-tag data. e, d Corrected two 
pion unlike-sign mass distributions for no-tag and 
single-tag data 
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Fig. 3a, b. Invariant mass  distribution of four pion final states for 
no-tag a and single-tag b data  

decomposition of the toal cross section into various 
subprocesses (see Sect. 3.3 and 3.4). 

The invariant mass distribution of the four pion 
final states is shown in Fig 3a, b for the no-tag and 
single-tag case. It exhibits a steep rise around W~ 

1.2 GeV well below the nominal pOpO threshold and 

falls slowly towards large W~ values. The maximum 
is reached around W~ ~ 1.6 GeV. 

3.2 Monte Carlo models and acceptances 

To obtain quantitative estimates of the number of 
p~ in the four pion data sample, we have con- 
verted the invariant W~ distributions to n + n - n  + n -  
cross sections by adopting three models for the pro- 
duction of a four pion final state, namely 

77 --* n + n -  n + n -  (phase space, non-resonant (NR)) 

77--*p~ n - ~ n + n - n + n  - (isotropic) 

77 --' pO pO ~ n + n -  n + n -  (isotropic) 

The conversion of the W~y-mass distributions into 
cross sections is model dependent, because the detec- 
tor acceptance depends on the production model. The 
detector acceptance was calculated using Monte Car- 
lo generated events and passing them through the 
detector simulation and analysis programs. All cuts 
are identical for real data and Monte Carlo events. 

The above three models for the production of a 
four pion final state were considered, and in addition 
five possible models for the production and decay 
of a hypothetial resonance R with fixed spin and par- 
ity decaying into four pions via pOpO. The allowed 
spin-parity assignments for R are 

JP = 0 +, 0 - ,  2 + (0), 2 + (2), 2-  

where for 2 + two different helicity states are taken 
into account. Interferences between the various hell- 
city states are neglected, and only the lowest possible 
angular momenta are taken into account. In the fol- 
lowing, the Monte Carlo implementation of the theo- 
retical models is briefly described. 

Firstly, the momenta of the scattered leptons were 
generated. This was done by adapting the program 
of Kawabata [26] which uses the exact formalism 
of Budnev et al. [27] for the differential cross section 
[28]. Secondly, a phase space decay of the invariant 
mass W~ into two positive and two negative pions 
was performed. Data  sets for the different models were 
then obtained by weighting the events with squared 
matrix elements [2, 6]. At fixed W~ the differential 
cross section depends on a set of seven variables, 
which can symbolically be written as 

=(m~2,m~4,,~'2 ,~,2 _,2 o34 

Here m u denotes the invariant mass of pions i and 
j. 0~ ~ is the angle of this system with respect to the 
77-axis in the 77 center of mass system. 0~ j and ~o~ ~ 
are the polar and azimuthal angles of the positive 



pion i in the center of mass of the system /j with 
the z-axis parallel to the yT-axis (see Fig. 8). 

In order to determine the pO content in the four 
pion sample, we have used the models for pOpO and 
p~ + n- introduced by the TASSO Collaboration [-2] 
in which the differential production cross section is 
represented as: 

d7 ~ = C (W~,). R4 (W~7, ~). Ig,(r g;(W~,)l 2- 
d~ 7 

Here R4(WT~, ~) is the four particle phase space den- 
sity; gi(W~y) and gi(~) represent the W~- and ~-depen- 
dent parts of the particular production mechanism 
i. The flux factors are absorbed in C(W~). gi(~) de- 
scribes the resonance production in the 
n + n--channel and can contain angular correlations. 
g~(WT~ ) describes the W~ dependence of the matrix 
element, which in our analysis is taken to be constant 
with respect to W~. 

The four pion phase space density R4(W~, ~) is 
the same for all subprocesses. The matrix element 
gi(~) discriminates between the subprocesses, where 
i=pOpO, pOn+ n- and n + n-  n + n- (NR). Only isotro- 
pic production and decay of the final states are con- 
sidered in the first model. Thus g,(~) does not depend 
on the angular coordinates. 

Since pions are bosons, g,(~) must be symmetric 
under interchange of two pions with the same charge. 
The appropriate functions satisfying these require- 
ments are: 

g=+=_~+~_ =1, 

gpo~+ g-  = 1 { n W ( m l  2) Jr- BW(m34) 

+ BW(ma4) + BW(m23) }, 

gpooo - 1~22 {BW(m~z). BW(m~,,) 
g 

+ BW(m14)-BW(mz3)} 

where BW(mu) are relativistic Breit-Wigner ampli- 
tudes for the unlike-sign combination of the pion i 
with the pion j [-29]. It is important to note that 
this weighting procedure introduces no angular corre- 
lations. The decay of the object of invariant mass 
W~7 is still isotropic for these three subprocesses. 

If it is assumed that an intermediate state R with 
given quantum numbers is formed and decays into 
four pions via pOpO, the four pion phase space is 
weighted by covariant spin-parity amplitudes, which 
have been calculated by Poppe [-14]. The weights in- 
volve in this case not only the relativistic Breit-Wigner 
amplitudes of the possible n+ n- combinations, but 
also the momentum vectors of the pions and angles 
describing the relative orientation of these vectors in 
space. The latter introduces angular dependences. 
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Fig. 4a, b. Detector acceptance for the phase space like subprocesses 
77~pOpO, ~ p O n + n  , ~n+Tr-n+n- (NR) a, and for five different 
spin-parity states je decaying to pOpO b 

The acceptance is then calculated in the usual 
fashion by passing the Monte Carlo generated events 
through the PLUTO detector simulation and the 
chain of selection and analysis programs. The accep- 
tance is the ratio between accepted and generated 
events and depends on the model, the invariant mass 
W~ and the (22 of the virtual photon. The absorption 
of pions in the beam pipe and the detector material 
leads to an event loss of 2 1% [-3 1]. Figure 4 a, b shows 
the acceptances for the three subprocesses used and 
also for the five spin-parity assignments of R . In 
the relevant kinematic range of W~ the acceptances 
vary typically between 3% at 1.2GeV and 8% at 
3.0GeV, 28% of the acceptance is due to the two 
forward spectrometers. 

3.3 Decomposition into partial cross sections 

We now do a 3-parameter fit to determine the relative 
fractions of the subprocesses 77~P~176 77 
~ p ~  and y y ~ n + n - n + n - ( N R ) .  For the fit- 
ting procedure, a maximum likelihood method for 
Poisson distributed data was used as follows. 

For fixed bins in W~ (or in Q2), typically 100 MeV 
(rsp. 0.3 GeV 2) wide, we construct two-dimensional 
scatter diagrams, in which each n + n-(n  + n +) mass 
combination is plotted against the other mass combi- 
nation. These are fitted by a linear combination of 
the three subprocesses. The likelihood function is de- 
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fined by 

N 

"~ = 1--[ P(N~xp(i), F(i)) 
i=1 

where the product  runs over the N events in the W~ 
(or Q2) bin. The probability of observing N~xp(i) events 
for the expected value F(i)= F(2, NMc(i)) is given by 

P(N~,,p(i), F(i)) = F(i) ~v~ . e -m~ 
N~xp(i)! 

and the expectation value of the hypothesis can be 
written as 

F( i )= ~ 2iNffC(i) 
j = l  

with the constraint ~ 2 j=  1. 
j = l  

N~p(i) are the experimental numbers of combina- 
tions in typically 50 MeV by 50MeV wide mass 
squared bins in the scatter plot, N~c(i) is the same 
quantity for the Monte Carlo model j. The 2~ are 
the fractions of the models which are varied in the 
fit to maximize ~ .  The sum runs over the n contribu- 
tions considered in a given fit (up to seven). For  each 
model assumption the total number of Monte Carlo 

N 
generated events ~ NMC(i) is normalized to the 

i=1 
number of measured events. To check the fitting pro- 
cedure, we generated samples of events according to 
different models and tried to recover them by the 
fit. The input data could be reproduced almost exactly 
thus demonstrating the reliability of the procedure. 
The fit to the invariant mass distributions is per- 
formed in various W~ and Q2 ranges. A similar proce- 
dure was employed to determine the contributions 
from the different spin-parity states to the process 
7y--*R--*p~ ~ (see Sect. 3.4). 

The result of the 3-parameter fit to the no-tag 
data is given in Table 1 a. The subprocess 77 ~pOpO 
dominates in the W~ range between 1.2GeV and 
1.7 GeV. The contribution from 77 ~ pOre+re in this 
energy range is compatible with zero. The procedure 
was therefore repeated with a 2-parameter fit, yielding 
the contributions listed in Table i b. Also given are 
the Z z per degree of freedom and the number of de- 
grees of freedom. 

The fractions of 77 -4 pOpO and ?y ~ zr + re- rr + rc- 
(NR) as derived from fits with and also without the 
p~ + 7r- term are shown in Fig. 5a, b. When compar- 
ing them with those of TASSO, CELLO, and TPC/27 
(Fig. 5a, b) one has to keep in mind that there may 
be systematic differences due to different models used 
for acceptance corrections. 

Tablela. Fractions [%] of the subprocesses ?),~pOpO, ~ p O n + n -  ' 
and ~ n+ n - n +  n -  (NR) as derived from a 3-parameter fit to the 
no-tag data 

W~r (GeV) pOpO p~ + re- n* n -  7z +/c- x2/NDF NDF 

1.0-1.2 284-8 494-17 234-15 1.7 32 
1.2-1.3 684-7 204-11 124- 7 1.7 42 
1.3-1.4 804-5 54- 8 154- 5 1.6 65 
1.4-1.5 854-5 --14- 7 164- 4 1.3 89 
1.5-1.6 67_+_4 104- 7 22+ 5 1.5 I07 
1.6-1.7 734-6 104- 8 174- 5 1.2 102 
1.7-1.8 594-7 184- 9 234- 5 1.6 101 
1.8-1.9 404-7 274- 8 334- 5 1.2 104 
1.9-2.0 204-7 534- 9 274- 6 1.9 91 
2.0-2.1 174-6 424- 9 414- 6 0.9 83 
2.1-2.2 294-7 304- 9 414- 7 1.5 68 
2.2-2.3 18+5 294- 9 534- 7 0.8 61 
2.3-2.4 184-7 274-11 554- 8 1.3 44 
2.4-2.6 17+6 47+ 9 364- 7 1.2 63 
2.6-2.8 144-6 554- 9 314- 7 1.4 59 
2.8-3.0 184-7 434-11 394- 8 1.2 28 
3.0-3.2 254-7 374-12 384-10 1.2 26 

Table lb. Fractions [%] of the subprocesses 7 7 ~ p ~  ~ and 
~zc + ~-  n+ re- (NR) as derived from a 2 parameter fit to the no-tag 
data in the energy range 1.2 < W~ =< 1.8 GeV. The contribution from 
),?--* p~ + n -  is set to zero in this range of W~r 

W~r (GeV) pOpO n+ 7z- n+ ~z- z2/NDF NDF 

1.2-1.3 764-6 244-6 1.7 43 
1.3-1.4 814-4 194-4 1.6 66 
1.4-1.5 854-4 154-4 1.3 90 
1.5-1.6 704-4 304-4 1.4 108 
1.(~1.7 794-4 214-4 1.2 103 
1.7-1.8 704-5 304-5 1.5 102 

The results of a similar fit to the single-tag data 
are given in Tables 2a, b. In addition, a 3-parameter 
fit for various Q2 ranges was carried out (Table 2c). 
pOpO production dominates at low Q2, decreasing at 
h i g h e r  Q2. 

The total cross sections of the process y y 
-~z+~z-g+~  and of the subprocess 7 7 ~ p ~  ~ as 
derived from the 3-parameter fit are presented in 
Fig. 6a, b for the no-tag and single-tag data as a func- 
tion of the invariant mass of the four pion system. 
The cross section data are listed in Tables 3 and 4a, 
b. Only statistical errors are shown. 

The Q2 dependence of the single-tag cross sections 
for 7~-~p~ ~ (Fig. 7) shows a steep fall off towards 
h i g h  Q2. A simple p-pole (VDM) and also the parame- 
ter free predictions of the factorization model of Alex- 
ander et al. [8, 9] account well for the data, while 
an attempt to apply the generalized vector meson 
dominance model (GVDM) [30] to this reaction fails 
to do so. 
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symbols) and of the subprocess 77--* p0 pO with isotropic production 
and decay of the p~ (open circles) for no-tag a and single-tag 
data b 

The measured angular distributions can also be 
compared to the results of the 3-parameter fit. The 
variables are defined in Fig. 8. 8p is the production 
angle of one pO in the 77 center of mass system. O~ 
is the polar angle of the decay n + in the rest system 
of the p~176 system') with respect to the neg- 
ative direction of flight of the second pO. Correspond- 
ingly, O,b is the opening angle between two decay 
n+-directions each defined in its respective pO CM 
frame. Finally, A ~o is the azimuthal angle difference 
between the decay planes of the two p~ 

The measured distribution of the above defined 
angles is shown in Fig. 9 along with the results of 
the 2-parameter fits. The data are reproduced well 
by the sum ofp~  ~ and ~+ n -  n + n -  (NR) final states. 

3.4 Decomposition of the pO pO subchannel into spin- 
parity states 

The spin-parity analysis is applied only to the no-tag 
data, We address the question of whether the large 
cross section for the process Y 7 ~ pOpO can be under- 
stood as due to the formation of an intermediate reso- 
nance with unique quantum numbers. It is the aim 
of this analysis to find out whether such quantum 
numbers can be determined, and whether the hypoth- 
esis describes the measured angular distributions as 
well as the incoherent sum of the three (weighted) 
phase space models. 

PLUTO 
50 -._ 1.0- ~ Wyy -~ .~.2GeV 

%_ 
%10 

IL 
18"3 

single tag 
I Alexander et aL 
. . . .  VDM 
. . . . . . .  GVDM 

\ . \  
"k 

10-z 10-1 100 10 ~ 
02 [6eV~] 

Fig. 7. Q2 dependence of the single-tag cross section for the process 
77 ~ p o p e  The dashed and dashed-dotted lines are predictions from 
the VDM and GVDM-models.  The prediction based on the factori- 
zation models is indicated as hatched band 

The five possible spin-parity states of the pOpe 
system are J P = 0 - , 0  +, 2-,  2+(0), and 2+(2). In this 
analysis contributions from yy--*p~ - and Y7 

~+ ~-  n+ n -  are also allowed, so that seven param- 
eters (2po~+ ~-;2~+ ~-~+~-(NR); 2pope for five JP states) 
are fitted. The maximum likelihood analysis was per- 
formed as described in Sect. 3 with the inclusion of 
the angular distributions in the fit procedure. The 
fractions of the Je-amplitudes resulting from a 7-pa- 
rameter fit are given in Table 5 for different W~ bins. 
The corresponding cross sections are listed in Table 
6. Also shown are the results for 7Y __,pOpe from the 
3-parameter fit (pOpe; pO~+ ~-  ; ~+ ~z- n + ~-  (NR)) 
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as described in Sect. 3.2. A comparison of these two 
data sets (Fig. 10a, b) gives an idea of the systematic 
uncertainties due to the model dependence of the 
pOpO cross section. In the W~r-range where the cross 
section reaches its maximum, the fit strongly favours 
the 2 + hypothesis. This is also borne out by the angu- 
lar distributions obtained for the different 
J<assignments as shown in Fig. 11 a. Negative parity 
states are ruled out, especially on the basis of the 
A ~o and cos 0,b angular distributions. The je states 
0 + and 2+(0) give a poor fit in the A ~o distribution, 
compared to 2 § (2). They are acceptable, however, in 
the other angular variables, although the angles 0p 
and ~ can hardly discriminate between the different 

if-amplitudes. It cannot be excluded that for Wr~ 
< I . 4 G e V  there is some contribution from the 0 + 
state. The 7-parameter fit to the angular distributions 
is shown in Fig. 11 b. 

We have also determined the detector acceptance 
assuming that the p~176 proceeds entirely 
through the je= 2 + state. The resulting cross section 
for 77 ~ pOpO (as derived from fitting four parameters 
(~z + re- n + ~ -  (NR); pO ~ + ~ -  ; pO pO = 2 + (2), 2 + (0)), is 
shown in Fig. 10c. It exhibits a flat enhancement, 

600 MeV wide. 
For further details concerning the analysis and 

the reliability of the fit procedure the reader is referred 
to [31]. 

Table 2a. Fractions [%] of the subprocess 77 ~pOpO, ___rpOTz+ ~-, 
and 7~+n-~+~z (NR) as derived from a 3-parameter fit to the 
single tag data 

VV~(GeV) pOpO p%z + ~ -  ~+ ~ -  ~z + rc zZ/NDF N D F  

1.0-1.3 18-+22 16-+46 66_+41 1.9 4 
1.3-1.5 37+ 18 29+28  34__+21 1.5 9 
1.5-1.7 72-+14 3-+20 25_+14 1.4 18 
1.21.9 57-+21 21+26  22__+16 1.5 13 
1.9 2.3 244-15 60-+19 16-+12 1.2 24 
2.3 2.7 46_+16 - 1 0 - + 2 5  64__+18 2.5 4 
2.7-3.1 244-14 14__25 62-+21 1.7 5 

Table 2b. Fractions [%] of the subprocesses 7 y ~ p ~  ~ and 
--* ~z + n -  n+ n -  (NR) from a two parameter fit to the single-tag data 
in the restricted range 1.0< W ~ <  1.9 GeV 

Wyr(GeV) pOpO r~+ n-re+ rc - z2 /NDF N D F  

1.0-1.3 22+  17 78 ___ 17 1.6 5 
1.3-1.5 49 + 15 51 -+ 15 1.4 10 
1.5-1.7 744-11 26-+ 11 1.4 19 
1.7-1.9 72 4-15 28 ___ 15 1.3 14 

Table 3. Cross sections for the process y y ~ n + n  n+Tz - and the 
subprocess y), ~ pOpO from no-tag data as derived from a 2 parame- 
ter fit in the range 1 . 2 < W ~ r < I . 8 G e V  and a 3-parameter fit for 
Wry< 1.2 GeV and W ~ >  1.8 GeV 

W~r [GeV] a~+,-~+~- [nb] al, ooo [nb] 
(phase space acceptance corrected) 

1.0-1.2 17+ 3 5 +  2 
1.2-1.3 73-+ 9 55-+ 8 
1.3-1.4 108 -+ 11 88 -+ 10 
1.4-1.5 118-+ 12 100•  11 
1.5-1.6 133 -+ 14 94-+ 11 
1.6-1.7 111 -+ 12 87-+ 10 
1.7-1.8 103-+11 72-+ 9 
1.8-1.9 88-+10 36-+ 7 
1.9-2.0 91-+11 18-+ 7 
2.0-2.1 73__+ 9 12-+ 5 
2.1-2.2 75-+10 22_+ 6 
2.2~.3 67-+ 9 12-+ 4 
2.3-2.4 53-+ 7 9-+ 4 
2.4-2.6 35_  4 6_+ 2 
2.6-2.8 36__+ 5 5-+ 2 
2.8-3.0 23-+ 4 4-+ 2 
3.0-3.2 26+  4 7 +  2 

Table 2c. Fractions [%] of the subprocess 77 ~ pOpO, ~ pOn+ re-, and ~ ~+ n -  n + n -  (NR) derived 
from a 3-parameter fit as a function of the four-momentum transfer squared Q2 

Q2 pOpO p%r+n - r~+n-~+Tr - z2/NDF N D F  
[GeV 2] 

0.0-O.1 65_+ 2 10+ 6 25_+ 2 s e e T a b l e l a  
(Q2) = 0.008 
(1.2< W~r < 2.0 GeV) 

0.14).35 60+  11 20_+ 14 20__+ 9 1.2 28 
<Q2>=0.28 

0.35~0.55 43_+ 10 29+  15 2 8 _  11 1.1 29 
(QZ> =0.44 

0.55 1.0 23-+ 14 50-+ 18 27-+ 12 1.2 19 
(Q2>=0.72 

2.0-16.0 26+  18 32-+25 42-+ 17 0.5 8 
(&)=5.18 



Table 4a. Cross sections for the process Y7-'+ 7r+ n-r~ + 7z- and the 
subprocess YY __.pOpO from single-tag data as derived from a 2 pa- 
rameter fit in the range 1.0 GeV < W~ < 1.9 GeV and a 3-parameter 
fit for Wrr ~ 1.9 GeV as a function of VV~r 

W~ [GeV] try+ . . . .  - [nb] apopo [nb] 
(phase space acceptance corrected) 

1.0-1.3 11• 2 •  
1.3-1.5 19• 9 •  
1.5-1.7 39•  29•  
1.7-1.9 25•  18• 
1.9~.3 23•  6 •  
2.3-2.7 9 •  4 •  
2.73.1 12• 3 •  

Table 4b. Cross sections for the process 77 ~ n+ n-rc+n and the 
subprocess yy ~ pOpO derived from a 3-parameter fit as a function 
of Q2 averaged over VV~r in the range 1.0 < W~ < 3.1 GeV 

Q2 a . . . . . .  - [nb] %opo [nb] 
[GeV 2] (phase space acceptance corrected) 

0.ff43.1 85+3 47+2 
<Q2> =0.008 

0.1~0.35 37+6 22+5 
<Q~> =0.28 
0.35-0.55 25+4 11 ___3 
<Q2> =0.44 

0.55-1.0 15+3 4 + 2  
<Q2>=0.72 

2.0-16.0 5__.1 1+1 
<Q2>=5.18 

A ~ Ix- ~ / 

p~ 

p~ Production angle ~p Decay angle ~ 
(yy-CMS) (p~ helicity-frame) 

Tf 
y \ 

o o 

The decay angles ~ and qo~ in fh e p~ helicity system 

Fig .  g. D e f i n i t i o n  o f  t he  a n g u l a r  va r iab les  Op, ,,q,~, a n d  (p,~ 
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Fig. 10a-c. Cross sections for 77 ~ pOpO derived from: a a 7-parame- 
ter fit including the proper JP acceptances, b a three parameter 
fit using isotropic production and decay, c a four parameter fit 
under the assumption that the p~176 proceeds entirely 
via J e = 2  + 

3.5 Systematic errors 

The errors shown in the figures and tables in Sect. 
3 are purely statistical. In addition, there are two fur- 
ther sources of uncertainty: The first is the systematic 
error estimated by assuming the detector acceptance 
to be known, with the following contributions: 
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Table 5. Fractions I-%] of J P  amplitudes contributing to the process ~), ~ pOpO 

l,V~r I-GeV] 
Fractions 
[%] of Model 

1.2-1.4 1.4 1.6 1.6-1.8 1.8 2,0 2.~2.2 

0 + 19• 7• 2• --1• 5• 
2 + ~  22• 17• 20• 2• 1• 
2+(2) 33• 32• 27• 11• 9• 
0- 6• 5• --3• 4• 0• 
2- --5• 2• --6• --12• 6• 
p~ 21• 20• 38• 59• 53• 
~ + ~ - ~ + ~ - ( N ~  4• 17• 22• 37• 26• 

z2/NDF 2.1 2.1 1.4 0.8 0.5 
(NDF = 39) 

Table 6. Cross sections (nb) for subprocess 77--* p0 pO corresponding to the different Je amplitudes 
and their sum. Also listed is the result of the 3-parameter fit (see Sect. 3.3) 

W~ ~ (GeV) 0 + 2 + (0) 2 + (2) 0 2 2; Je 3-parameter 
phase space 

1.2-1.4 12• 26• 23• 5• - 4• 62• 68• 
1.~1.6 7• 22• 30• 5• 2• 66• 95• 
1.6-1.8 2• 32• 30• - 2 •  - 5• 57• 73• 
1.8~.0 0• 2• 10• 3• --10• 5• 27• 
2.~2.2 3• 1• 8• 0• 3• 15• 17• 
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1) Unce r t a in ty  in the luminos i ty  measurement  

[323 3% 
2) M o n t e  Carlo  in tegra t ion  of the pho ton  spectra 

[-27, 283 5% 
3) Unce r t a in ty  in the trigger s imula t ion  4% 
4) C o n t r i b u t i o n  from b a c k g r o u n d  processes 4% 
5) Unce r t a in ty  in the event  selection 7% 
6) Unce r t a in ty  in the de te rmina t ion  of the p ion  

absorp t ion  in  the beam pipe and  detector materi-  
al [31] 6% 
7) Background  from incomplete ly  measured  
events 3 % 

In  total, this par t  of the systematic error is es t imated 
to be 13%. 

The d o m i n a n t  source of uncer ta in ty  in the cross 



sections and fractions, however, comes from the ne- 
cessity to use a specific model to calculate the accep- 
tance corrections. The acceptances for different j e  
states and isotropic pOpO phase space production 
differ considerably (see Fig. 4a, b). Also, the three fit 
procedures yield different pO pO fractions. An estimate 
of this uncertainty can best be made from a compari- 
son of the cross sections derived under different model 
assumptions (see Fig. 10). Realistically one must then 
attribute an error of ~ 2 5 %  to the cross sections. 
When comparing cross sections from different experi- 
ments special care must be taken to ensure that the 
same theoretical assumptions have been used to cor- 
rect the measured data for detector acceptance. 

4 Comparison and discussion 

4.1 Comparison with other experiments  

Our no-tag cross section 77 ~ n + n -  n + n -  is com- 
pared in Fig. 12 with the available data from Mark 
II, CELLO, and TPC/2y [3-5, 33, 34]. There is rea- 
sonable agreement for the entire range of W~7. The 
same is true for the process 77->p~ ~ as presented 
in Fig. 13 in comparison to the data from other exper- 
iments (TASSO, CELLO, TPC/27 [2, 4-6, 33, 34]). 
Upper limits on the process 7 ? ~ p + p  - from JADE 
[7] are also shown. These are derived from exclusive 
n + non - n o final states by requiring that the n + lr ~ 
mass combinations fall into a p + mass band. 

Although the overall agreement of the PLUTO 
cross sections with the results of other experiments 
is satisfactory there is a tendency for the data points 
to be low in comparison to TASSO and TPC/2y. This 
might be related to the fact that we have rejected 
in our analysis events with additional photons (E~ 
_>_ 100 MeV) to obtain exclusive four pion events with 
minimal background. 

Single-tag data are available from the TPC/27 
Collaboration [5, 6, 33, 34] and TASSO [35]. Figure 
14a shows a comparison of the W~ dependence of 
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Fig. 12. Compar i son  of cross sections on the 3'3' ~ n + n - n  + n -  no-  
tag data 
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Fig. 13. Compar i son  of cross sections on the 3'3' ~ pO pO no-tag data. 
Also shown are the upper  limits of 3' 3, ~ p + p f rom J A D E  [7] 
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Fig. 14. a Compar i son  of single-tag cross sections for 3'? 
~ n + n - n + n  - as a function of W~. b Compar i son  of single-tag 
cross section for y 3 , - - * n + n - n + n  - as a function of Q2. The solid 
line represents the V D M  prediction 

the single-tag cross section ? ? --* n + n -  n + n - .  The 
ranges of Q2 for the different experiments are compa- 
rable since most of the data come from low Q2. It 
can be seen in Table 2c that for low Q2 pOpO produc- 
tion still constitutes the dominant  subchannel of the 
total cross section. 

We have also determined the QLdependence of 
the single-tag cross section in the W~ range 
1.2 GeV=< W~<2.4  GeV, to allow a direct compari- 
son with the TPC/2y data (Fig. 14b). Also shown are 
the TASSO results [35] for the slightly different W~7 
range 1GeV=<W~rN3GeV. The p-pole prediction, 
normalized to the no-tag result (at (Q2)  
= 0.008 GeV2), describes all three data sets well with 
the possible exception of the QLrange beyond 5 GeV 2 
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Fig. 15. Compar ison of the no-tag cross section for 77 ~ pOpO with 
predictions based on a four-quark model for an intermediate state 
decaying into pOpO [13] and the results of a calculation based on 
factorization [8, 9] 
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1.2 1./* 1.6 1.8 2 0  2.2 

WVy [GeV] 
Fig. 16. Comparison of no-tag cross section for ??~pOpO using 
acceptance corrections from a fit with seven (PLUTO, see text) and 
six parameter  (TASSO, [2]) 

where an excess is observed. This deviation appears 
to be more pronounced for the higher W~ ranges 
[5, 31]. 

The decomposition of the subprocess 77~p~ ~ 
into different partial waves excludes negative helicity 
states (0- ,2-)  and favours de=2 + over the wide 
range 1.2 GeV < W~< 1.8 GeV where the cross sec- 
tion is high. However de=0  + cannot be excluded for 
W~r < 1.4 GeV. These findings are in agreement with 
other experiments [4, 5]. TASSO [2] also finds 2 + 
dominance above 1.7 GeV, but a sizeable 0 § contri- 
bution below. The pOpO cross section derived from 
our decomposition (Fig. 16) agrees with that of TAS- 
SO [2]. 

4.2 Comparison with models 

In the framework of vector meson dominance 7 V -scat- 
tering naturally leads to an enhanced p0pO_ 
production since the photon couples directly to neu- 
tral but not to charged p's. In this picture both pho- 

tons are transformed into p~ which scatter off one 
another to give a final pOpO state. In fact, one particu- 
lar VDM approach [36] gives a cross section en- 
hancement of the correct magnitude which, however, 
peaks at higher masses W~ than observed. Factoriza- 
tion approaches [8, 9] understand the large pOpO 
cross section as a normal threshold behaviour as also 
observed in other resonance-free reactions, e.g. 
K+p-+K+p,K*+p. They describe our measured 
cross section reasonably well (Fig. 15), and also the 
Qz dependence shown in Fig. 7. 

Resonance based theories have to account for the 
large p~176 cross section and the absence 
of a comparable signal in 7 7 ~ p + p  - [7] (Fig. 13). 
The large difference excludes a q~ resonance [10, 37]. 
In fact, the experimental upper limits [7] are compati- 
ble with a pure perturbative QCD description of 
p+p--production [12]. Only four-quark models ap- 
pear to be able to account for the difference between 
the pOpO and p+ p-  production [11, 13]. 

Our observed dominance of the JP = 2 + spin-par- 
ity state of the p~176 agrees with the four- 
quark model prediction [11, 13]. It does not contra- 
dict the phase space description, however, since the 
measured angular distributions can be reproduced in 
both. 

Measurements of the photon-photon production 
of other vector mesons can in principle help to distin- 
guish between the proposed explanations, because 
their predictions differ substantially in the processes 
77 ~pOco, coco, q~q~ and p~ Previous upper limits on 
these processes [5, 6, 38, 39] were not sensitive en- 
ough to distinguish between different approaches. Re- 
cently, however, ARGUS [40, 41, 42, 43] has pub- 
lished cross sections for 77--+p~ ?7--+coco, and 77 
--+K*~ ~~ and the TPC/Two-Gamma Collabora- 
tion has reported preliminary results on 7?--+p~ 
[-44]. Only part of their measured pOco production 
can be explained by the four-quark [13] and the t- 
channel factorization model [8, 9]. The observed 
strong enhancement of the co co production cross sec- 
tion around 1.9 GeV, if confirmed, is hard to reconcile 
with any of the published explanations. The cross sec- 
tion for 77--+K*~ ~r was found to be much larger 
than predicted by both the four-quark models [11, 
13] and a QCD approach [12]. The upper limit by 
the ARGUS Collaboration on 77--+P~ [43] is con- 
siderably lower than the four-quark prediction, but 
agrees with the estimates from t-channel factorization 
[8, 9]. 

5 Summary 

We have measured the four charged pion final states 
in 77-production under no-tag and single-tag condi- 
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tions in the kinematic range 1.0 GeV < W~r < 3.2 GeV 
and 0 GeV 2 < Q2 ~ 16 GeV z. The data show contribu- 
tions from the phase space subprocesses pOpO, 
p~ and n+n-rc+rc - (NR) with a strong pOpO 
component (~ 70%) for 1.2 GeV__< W~ < 1.7 GeV. The 
incoherent superposition of these three subprocesses 
describes the observed angular distributions. A spin- 
parity analysis of the pO pO system favours the j e =  2 + 
assignment, although 0 + cannot be excluded at low 
W~r. Negative parity states 0-, 2- are excluded. This 
analysis provides a constraint on resonance based 
models. The pOpO cross section cannot be described 
by simple vector meson dominance models [14, 15], 
but is consistent with factorization estimates [-8, 9] 
and with four-quark models [11, 13]. The 
Q2-dependence of the cross section can adequately 
be described by a p-pole form factor and by factoriza- 
tion. 
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