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In recent years a considerable effort has been devoted 
to the study of  the two photon process e+e - -~ e+e-X,  
where X is a meson resonance o f  C-parity +1. This reac- 
tion is of  interest, since it provides a measurement of  
the radiative width of  the meson X. So far r/ '(958) [1], 
f(1270) [2,3], and A2(1310 ) [3] have been seen and 
their radiative widths determined. 

In this letter *a we report a measurement o f  the 
reaction 

e+e - ~ e+e-~7'(958) 

-+ Tp0(770) 

-~ l r + ~  - , ( 1 )  

which is sketched in fig. 1. The measurement was car- 
ried out using the JADE detector at the e+e - storage 
ring PETRA. The data sample comes from an integrated 
luminosity o f  36 pb - t  , with beam energies distributed 
between 13.2 and 18.3 GeV, yielding 17.15 GeV on 
average. 

The outgoing electron and positron in reaction (1) 
were in general not  detected, since they are predomi- 
nantly emitted at very small angles. Thus the final-state 
topology consists of  two charged particles with low mo- 
mentum and a single photon of  low energy (typically 
a few hundred MeV). The momenta and the energy loss 
dE/dx of  the charged particles were measured by the jet 
chambers described in ref. [5]. The photon was detected 
in the lead glass counters, which consist out of  a central 
cylindrical array and two endcap arrays surrounding t he  
inner drift chambers. The counters cover a solid angle 
o f  90% of 41r. The angular resolution of  these arrays 
varies between 7 and 20 mrad, depending on the angle 
of  incidence and the sharing of  energy between coun- 
ters. The energy resolution has been measured to be 

t l  Preliminary results have been reported [4], which are super- 
seded by the present final analysis. 
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Fig. 1. Feynman diagram for the process e+e - ~ e+e-r/'. 
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Fig. 2. Detection efficiency for photons and electrons, as func- 
tion of the incident energy. 

10% for 500 MeV electrons. The read out thresholds 
for the ADC's were set to 25 MeV. 

The measurement of  reaction (1) requires a careful 
study of  the detection efficiency for low-energy pho- 
tons. It has been determined with help o f  a computer 
program which simulates the electromagnetic shower 
development in the detector and in the material in 
front o f  the lead glass [6]. This program also simulates 
the ~erenkov radiation in lead glass, as well as the wave- 
length dependence of  photocathode sensitivity and light 
transmission in lead glass and the light guide material. 
The results o f  this efficiency calculation are shown in 
fig. 2. As a check similar calculations o f  the electron ef- 
ficiency are compared in fig. 2 with experimental results. 
Experimentally the electron detection efficiency has 
been obtained with low-energy electrons from the reac- 

tion e+e - -+ e+e - e+e - ,  where the momenta of  the elec- 
trons have been measured with the central drift cham- 
ber and where the electrons have been identified by 
dE/dx. The good agreement between these measure- 
ments and the calculation gives confidence in the cal- 
culated photon detection efficiency. 
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Fig. 3. (a) Event vertex along the beam axis (z). (b) Total trans- 
verse momentum of  the ~r+Tr-? system. (c) Acoplanarity with 
the beam of  the 7 - 0 r+Tr-) system. In the shaded histograms 
in (b) and (c) the mass of  the lr+Tr-7 system is restricted to the 
r/' band, 0.87 < m0r+~r-7) < 1,05 GeV/c 2. The curves show the 
corresponding distributions from the Monte Carlo simulation 
described in the text. 

The trigger requires two tracks to be opposite and 
coplanar with the beam within +30 °. It covers the po- 
lar angle 0 range Icos 01 < 0.85. The transverse mo- 
mentum threshold for this trigger is below 150 MeV/c 
per track. A more detailed description can be found 
in ref. [5]. 

From the data, events with two charged particles 
and one photon were selected. For this, all the infor- 
mation from the lead glass system and the inner detec- 
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Fig. 4. (a) Mass d is t r ibut ion o f  the ~%r-  system. (b) Mass distr i  
bu t ion  o f  the ~T%T-7 system, w i th  the restr ic t ion that  m0r+~ - )  
< 1.0 GeV/c 2, In  the shaded histogram the mass o f  the ~T+~T - 
system is fu r ther  restr icted to the pO band, 0.60 < m(~+~ - )  
< 0.85 GeV/e 2. 

tor (conversions in front of the drift chambers) was 
used, to reject background of events with more than 
one photon. For the final analysis, only those events 
with the photon detected in the central lead glass ar- 
rays were used, since they have the better energy and 
angular resolution. In addition, the energy of the pho- 
ton was required to be bigger than 130 MeV. For the 
charged tracks the following criteria were applied: 

(1) The two charged tracks should have opposite 
charge and come from a fiducial cylinder around the 
interaction point, with radius 20 mm and length +-200 
mm along the beam axis. The opening angle co of the 
tracks was restricted to cos(co) > -0 .97 ,  to reject 
background from cosmic rays. 

(2) The momentum of each track was required to 
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be between 0.2 and 3.0 GeV/c. 
(3) The energy loss dE/dx of the charged particles, 

which is measured in the inner detector [7], was re- 
quired to be within 3a of the expected dE/dx for pions. 
This cut considerably reduced the background from 
beam gas reactions as well as events from the reaction 

e+e - -+ e+e-e+e-3, .  (2) 

(4) At charged-particle momenta above 0.8 GeV/c, 
electrons from reaction (2) could be rejected by com- 
paring the momentum with the associated lead glass 
energy. The event was rejected, if the ratio [shower 
energy (lead glass)/momentum (track)] exceeded 0.7 
for both tracks. 

(5) To reject remaining events from reaction (2), it 
was further required that the transverse momentum of 
the two track system with respect to the beam was >50  
MeV/c and that the acoplanarity of the two tracks with 
the beam was >50  mrad. 

After these cuts, 1067 events remained. For this 
sample, figs, 3a, b and c show the vertex distribution 
along the beam axis (z), the total transverse momentum 
with respect to the beam, Pt, and the acoplanarity of 
the ~" - (Tr+Tr - )  system with the beam, respectively. 
The vertex distribution shows a clean signal of  b e a m -  
beam events and the transverse momentum and aco- 
planarity distributions peak at low values, as expected 
for events of reaction (1). The final cuts in these distri- 
butions are indicated by arrows: 

Iz - vertexl < 70 m m ,  

Pt < 0.60 GeV/c,  

acoplanarity < 0.50 rad.  

The final sample then consisted of 847 events. Figs. 
4a and b show the invariant mass spectra of the ~r+Tr - 
system and of the 7r+~r-7 system. In fig. 4b an additional 
requirement m(Tr+Tr - )  < 1.0 GeV/c 2 was imposed, since 
7r+Tr - masses above 1 GeV/c 2 do not contribute to reac- 
tion (1). Prominent pO and 7' signals are seen. The re- 
maining background comes mainly from feedthrough 
from final states with more pions and photons, which 
escaped detection. The association of the pO with the 
7'  signal is evident in the shaded histogram in fig. 4b, 
which is obtained by restricting the 7r+~r - mass to the 
p0-band, 0.60 < m(lr+Tr - )  < 0.85 GeV/c 2. Further evi- 
dence that the 7'  peak is due to reaction (1) is given in 
the shaded histograms in fig. 3b and c. Here are shown 

the Pt and acoplanarity distributions for those events 
with the 7r+rr-7 mass in the 7' band, 0.87 < m(rr+zr-7) 
< 1.05 GeV/c 2, while the curves show the correspond- 
ing distributions from the Monte Carlo simulation de- 
scribed below. The data agree well with the predicted 
behaviour of reaction (1). 

The cross section for reaction (1) can be written [8] 

a(e+e - ~ e +  ' e-7 ) = f a,y~_.,n,(s) 

X L3,.y (X/s/2Ebeam) ds/4x,/SEbeam , 

where s is the squared c.m. energy of the two-photon 
system, a ~ ,  is the cross section for 77 -~ 7' and L,r~ 
represents the luminosity function for the two photons. 
The calculation of the luminosity function was per- 
formed with a Monte Carlo simulation program using 
the formulae given in ref. [8]. The simulation of reac- 
tion (1) combined the calculation ofL~,  r with the pro- 
duction and subsequent decay of 7'. yielding the final- 
particle four-vectors as end products. The particles were 
passed through a computer program which simulated 
the response of the various detector components. For 
the photons, the above mentioned shower program was 
used. The simulated events were then subjected to the 
same cuts as those applied to the real data. The resulting 
overall detection efficiency is 0.0089 + 0.0004. The 
error is statistical only and the branching ratio BR(7' 

7p O) is not included. 
To determine the number of 7'  events in fig. 4b, the 

full mass spectrum was fitted with an incoherent sum 
of a resolution function for the resonance and a poly- 
nomial background term. The fit, which is shown in 
fig. 4b, resulted in 213 + 15 events due to reaction (1). 
The cross section is then calculated: 

o(e+e - ~ e+e-r/ ' )  = 2.2 + 0.2 nb .  

The error is statistical only. The branching ratio o fT '  
into 7p 0 was taken from ref. [9]. 

• The main systematic error is due to the uncertainty 
in the photon detection efficiency. The photon spec- 
trum of reaction (1) peaks at about 180 MeV and over- 
laps considerably with the rising part of the detection 
efficiency in fig. 2. In order to estimate this uncertainty 
several different photon-energy cut-off values were ap- 
plied to the data as well as to the Monte Carlo sample 
and the cross section calculated in the same manner as 
above. The result is consistent with the cross section 
being independent of the photon-energy cut-off value. 
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One can conclude that  the photon-energy spectrum in 
the Monte Carlo event sample is similar to the real data 
spectrum. The systematic error in the simulation is esti- 
mated to be about 10%. Further  systematic errors come 
from trigger inefficiencies, from the cuts in the selection 
criteria, from the luminosity measurement and from 
the parametrization of  the f i t ted background. The total  
systematic error is estimated to be 18%. The value for 
the cross section is then 

o(e+e - ~ e+e - r / ' )  

= 2.2 + 0.2 (stat.) + 0.4 (syst.) n b .  

The cross section can be related to the radiative 
width: 

o(e+e - -+ e+e-,? ') 

= (8~r 2 Pn,__, ~ / ra2' 4Ebeam) L,r,r(mn'12Ebeam) • 

Here the expression for o77_.n, in ref. [10] was used. 
With the above result for the cross section, one obtains 

Pn'-*~.~ = 5.0 -+ 0.5 (stat.) -+ 0.9 (syst.) k e V .  

This value agrees well with the previous measurement,  
Pn'-*7"r = 5.8 +- 1.1 (stat.) +-- 1.2 (syst.) keV from 
SPEAR [1],  and with a recent measurement,  Pn,_, ~t7 
= 5.4 +- 1.0 (stat.) + 0.7 (syst.) keV by the CELLO- 
collaboration [11]. It is well below the upper limits 
obtained earlier at DORIS and ADONE [12]. 

Values for the width Fn,_, ,  m in the range 6 - 7  keV 
are predicted by various models with fractionally 
charged quarks, while models with integer-charge 
quarks tend to  predict  value s around 20 keV [13]. 

7/' and ~ are conventionally regarded as members of  
the same SU(3) nonet.  The relation between their radi- 
ative widths In,_..r3, and Pn--' ~ depends on the iso- 
scalar mixing angle 0 [14]. Our measurement corre- 
sponds to 0 = 11 + 4 degrees (using I'n__,,r~ = 0.323 
+ 0.046 keV [9]),  in agreement with more general 
considerations of  this angle [13,14] .  

F rom the branching ratio BR(rt' "+ 77) = 0.019 
+ 0.002 [9], we obtain 

Pn, = 263 + 61 k e V .  

This value agrees well with the direct measurement 
[15] of  the total  width,  I n '  = 280 + 100 keV, using 
the reaction 7r-p ~ r/ 'n close to threshold. 
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