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We report  measurements of  7r 0 production in 

e+e - ~ 7r 0 + anything (1) 

at high energies. The experiment has been performed 
with the TASSO detector at the e+e - storage ring 
PETRA. 

A description of  the detector components used for 
charged particle tracking can be found elsewhere [1 ]. 
Photons from rr 0 decay have been detected in a liquid 
argon calorimeter. It consists of  four mechanically 
separate modules mounted outside the solenoid cover- 
ing polar angles 0 between 42 ° and 138 ° and azimuthal 
angles ~ from 30 ° to 150 ° and 210 ° to 330 ° (see fig. la).  

Each module is subdivided into two submodules 
which have a common vacuum and argon tank. Both 
tanks have thin entrance windows made of  1.5 mm 
steel (vacuum tank) and of  10 mm aluminum (argon 
tank) corresponding to a total of  0.2 radiation lengths 
(RL). 

Each submodule consists of  a stack of  35 2 mm 
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Fig. 1. (a) End view of the TASSO detector. The 8 submodules 
of the liquid argon calorimeter are labeled SM1, ... SM8. (b) 
A cut-away of a part of a liquid argon calorimeter submodute. 
The positions of the front towers, back towers and of the strips 
for dE/dx, z and ¢~ measurements are marked. 

lead plates which are separated by 5 mm gaps filled 
with liquid argon (see fig. lb) .  These gaps are operated 
as ionization chambers. The dimensions of  the stack 
are approximately 398 X 95 × 45 cm 3 (length × width 
× height). The radial distance between interaction 
point and front face of  the stack is 179 cm. The calori- 
meter performs three different types of  measurements. 
It measures the energy of  showering particles (in 
towers, see below), determines their precise location 
(by strips) and measures the ionization loss dE/dx of  
charged particles (in dE/dx gaps). 

For energy determination a technique is used that 
is particularly suited to the study of  jets in which 
many particles emerge within a narrow cone. The 
stack is subdivided into towers directed towards the 
interaction point. The tower pattern is provided by 
the signal plates which are cut into squares of  ~7  × 7 
cm 2 (front towers) and ~14  × 14 cm ~ (back towers), 
respectively. Four front towers are followed by one 
back tower. The subdivision into front and back 
towers provides information on the longitudinal 
shower development e.g. for electron hadron discri- 
mination. A special tower gap is mounted directly be- 
hind the entrance window to provide a first sampling 
of showers formed in the material in front of  the 
stack. The total thickness of  the front and back tow- 
ers is 6.1 and 7.6 RL, respectively. The charge deposit- 
ed on all signal plates of  a given tower is collected by 
a single electronic channel. 

A rough position measurement is given by the loca- 
tion of  the front towers. For a precise measurement the 
stack is equipped with layers of  2 cm wide strips 
oriented parallel to the beam axis (4~ = const.) and or- 
thogonal to it (z = const.). The signal and high voltage 
planes of  a strip layer consist of  2 mm thick epoxy 
printed circuit boards separated by 5 mm argon gaps. 
The strip layers are inserted between the tower plates. 
Two layers of  z strips and one @ strip layer follow 
directly behind the first tower gap. Two more layers of  
z and ¢ strips each follow after 1.7 and 3.1 RL. The 
signals from corresponding strips at the same ¢ in dif- 
ferent depths are added onto a single electronic channel. 
The same is true for the last two z strip layers. 

The ionization loss dE/dx of charged particles is mea- 
sured in the first two z strip layers. 

There are in total 10 928 separate electronic channels. 
Each channel consists of  a preamplifier, an amplifier 
and an analog-to-digital converter (ADC). The r.m.s. 
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noise level for towers is well below 10 MeV shower 
equivalent. The read-out threshold for towers is set to 
20 MeV shower equivalent; for strips the threshold cor- 
responds to 40% of the energy loss of  a minimum 
ionizing particle. 

The performance of  each submodule has been test- 
ed at the DESY synchrotron with electron and photon 
beams. Without absorber material in front of  the mo- 
dule an r.m.s, energy resolution of  o/E = 0.09/X/T (E 
in GeV) has been obtained for electrons with E > 0.8 
GeV increasing to o/E = 0.16/X/T at 0.2 GeV. In the 
TASSO detector the energy resolution is degraded by 
the material in front of  the counter (beam pipe, cham- 
bers, coil etc.) which amounts to 1.6 RL including the 
tank walls. A detailed analysis of  the energy loss in 
the absorber material as well as through leakage has 
been performed using the Monte Carlo program EGS 
[2] which simulated the shower development in the ab- 
sorber and the calorimeter stack. Correction functions 
have been determined as a function of  incident photon 
energy and angles applying the same cluster analysis 
as used for the data (see below). The resulting energy 
resolution for photons at normal incidence can be 
approximated by alE = [0.11 + 0 . 0 2 / ( E -  0.5)]/X/T 
for E > 1 GeV. The energy calibration is monitored 
by Bhabha scattering e+e - ~ e+e - detected in the 
calorimeter. The angular resolution for photons of  ener- 
gy near 1 GeV is a~ = 4 mrad, o 0 = 6 mrad as determin- 
ed by Monte Carlo studies; the measured angular reso- 
lution for high energy (E > 10 GeV) electrons is o¢ 

o 0 = 3 mrad. The detection efficiency for photons 
as determined from EGS studies is 50% at 55 MeV 
rising to >90% above 160 MeV. 

For the investigation reported in this paper multi- 
hadron events from e+e - annihilation have been select- 
ed in the standard way [1] using the charged particle 
information provided by the central detector. Charged 
particles with momenta transverse to the beam PT 
> 0.1 GeV/c have been accepted for polar angles 
Icos 01 < 0.87. Multihadron events at a c.m. energy of  
W = 14 (34) GeV have been required to have I>4 (5) 
accepted charged particles with a total measured mo- 
mentum ~Pi > 0.27 W. Additional cuts [1 ] removed 
the remaining contributions from beam-gas  scatter- 
ing, two-photon processes and 7- pair production. A 
total of  2173 (2797) events at W = 14 (34) GeV satis- 
fying the selection criteria have been used for the 
analysis. 

Photons have been detected by a pattern recogni- 
tion program scanning the information of  the calori- 
meter for clusters. A cluster is defined as a group of  
adjacent front towers with energy deposit, separated 
from any other clusters by front towers with shower 
energy below 20 MeV. The back towers associated 
with the front tower cluster are found and their ener- 
gy is added to that measured by the front towers. 
Using the strip information the precise position of  the 
cluster is determined. Taking the event vertex as the 
origin the 0 and ~b coordinates are computed. All 
charged tracks seen in the central detector are follow- 
ed to see whether they can be linked to any of  the 
clusters. Clusters for which the measured direction 
agrees with that predicted for a given charged track to 
better than 0.05 rad are called charged clusters and are 
ignored in the further analysis. 

The remaining clusters have been assumed to origi- 
nate from photons. The measured energy has been cor- 
rected for energy loss through absorption and leakage 
with the correction functions determined by EGS (see 
above). To ensure a good energy resolution a fiducial 
region has been defined for each submodule which 
required the cluster to be at least one row of front 
towers away from the edge of  the calorimeter in ¢ and 
three rows of  front towers in 0. The total solid angle 
defined by the fiducial region amounts to 36% of  4n. 
In order to ensure good position accuracy each cluster 
has been required to have at least one ~ strip and one 
z strip set. 

The performance of  the calorimeter and of  the 
read-out electronics has constantly been monitored 
using cosmic rays, Bhabha scattering (e+e - ~ e+e - ) ,  
and ~t pair production (e+e - -~/~+/a-) recorded con- 
currently with the annihilation events. In this way any 
faults during data taking have been detected and the 
submodule in question has not been used for the cor- 
responding running period. The efficiency of  the 
calorimeter has been tested by selecting e+e - and ~t+/l - 
pairs in the central detector and searching for the cor- 
responding clusters in the calorimeter. An efficiency of  
98.8% (99.8%) has been found at 14 (34) GeV. 

For each event all possible pairs of  photons have 
been formed and their effective mass m,r, r and total 
energy ET. r have been calculated. Fig. 2a shows the 
m.r. r distributions obtained at I4' = 14 and 34 GeV for 
0.5 < E,r, r < 4 GeV requiring each 7 to have at least 
Emi n = 0.15 GeV energy. A clear n 0 signal is observed. 

73 



Volume 108B, number  1 PHYSICS LETTERS 7 January 1982 

~r 
o 

0 

"6 
C 

"6 

80 

70 

60 

50 

TASSO TASSO 

160 70 

140 60 

~20 ~ 50 

4O 

0 

80 , 30 
"O 

60 ~ 20 

Z,O o 50 I0 
.~_ 

20 ~ 40 0 
~5 

E 40 0 ~ 30 
2 "a 

20 30 ,.., 

20 z 10 

10 0 

0 -10 
0 0.1 0.2 0.3 0.4 0 u.1 02 u,3 u.4 

M-vy (OeV) M.yy (OeV) 

Fig. 2. (a) The ?3' mass distr ibutions measured at 14 and 34 GeV for 0.5 < E,y3" < 4 GeV and photon  energies E^, > 0.15 GeV. The 
dashed curves indicate the background contr ibut ion as computed  from MonteCar lo  (see text).  The solid curves srhow the sum of  
the contr ibut ions f rom ~r o product ion and background.  (b) The background-subtracted 3"-), mass distribution at 14 and 34 GeV for 
0,5 < E_3" < 4 GeV. The d a s h e d - d o t t e d  curves indicate the  additional background subtracted (see text) .  The solid curves show the 
~r o signa~ predicted by Monte Carlo and normalized to the number  of  3"3' combinat ions  in the ~r ° mass interval above background.  

The ~r 0 detection efficiency as well as the shape of photons and electrons the shower development has 
the background distribution in the 7r 0 mass region been followed with the help of EGS producing the 
have been determined with the help of the Monte Carlo same type of information as obtained in the experiment 
program MONSTER. The program simulates the re- The Monte Carlo events have been passed through 
sponse of the detector in full detail. Events have been the analysis chain used for the real data. With these 
generated for the process events, the loss of photons due to overlap with charged 

tracks or with other photons has been studied. The 
e+e - ~ quark + antiquark + gluon fraction of photons from 7r 0 decay which overlap with 

according to QCD [3] using Field-Feynman fragmen- charged tracks or other photons is 10% (23%) at 14 
tation functions [4,5] and including radiative effects (34) GeV. 
[6]. Baryon production has also been included in the The 7r 0 yield has been determined for five 7r 0 energy 
fragmentation [7]. This calculation was found to de- intervals, E3". r = 0.5-1,  1-1.5, 1.5-2, 2 - 3  and 3 - 4  
scribe well the charged particle data [5]. All generated GeV. The background in the 7r 0 mass region has been 
particles have been followed through the detector al- estimated in the following way. From the accepted 
lowing for decay and secondary interactions [8] in photons of the Monte Carlo events the m.y3' spectrum 
the various materials as well as for detector inefficien- has been computed excluding those pairs of photons 
cies. For charged particles the ensuing information on where both 3"s come from the same 7r 0. The Monte 
wire addresses, drift time, etc. has been stored. For Carlo spectrum has been normalized such that the 
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number of  77 combinations with m,ry = 0 .2 -0 .4  GeV 
is the same as in the data. (The contribution from rr 0 
decay to this mass interval is expected to be negligible.) 
This has been done separately for each E,rr interval. The 
dashed curves in fig. 2a show the prediction for the 
background obtained in this way. In fig. 2b the back- 
ground-subtracted spectra are shown. The observed 
width of  the 7r 0 signal agrees well with the expected 
one (see solid curves). The enhancement seen at very 
low masses is due mainly to cases where one of  the 
photons from n 0 decay has produced two clusters, 
with one cluster carrying only a small fraction of  the 
original photon energy. This procedure to describe 
the background has been found to give consistent re- 
suits for E,rr > 1 GeV: the n 0 mass spectrum obtained 
by subtraction agrees well with the one predicted by 
the Monte Carlo calculation. In the first E,rr interval 
(0 .5-1 GeV) the subtracted spectrum has residual 
background which when interpolated through the n 0 
mass interval amounts to 14% (36%) at 14 (34) GeV. 
This background contribution is shown by the dashed 
- d o t t e d  curves in fig. 2b. The uncertainty in this con- 
tribution is included in the error estimation of  the 
cross sections. From the background-subtracted spec- 
tra a lr 0 r.m.s, mass resolution of  o m ~- 0.023 (0.031) 
GeV is obtained at 14 (34) GeV. 

To arrive at the n 0 acceptance efficiency let N 1 be 
the number of  Monte Carlo events generated at the 
nominal c.m. energy W = W 0 (i.e. without radiative ef- 
fects) and n 1 (E~ro) dETro the number of  n 0 produced 
in the energy range E~o, E~r0 + dE,to ; N 2 the number 
of  Monte Carlo events generated with radiative effects 
and accepted by the selection criteria for hadron 
events; n2(E~ro)dE,to the corresponding number of  
Monte Carlo 7r"'s registered by the calorimeter and re- 
constructed and accepted by the analysis procedure in 
the n 0 mass interval (0 .07-0 .18 GeV at 14 GeV; 0.09 
- 0 . 1 9  GeV at 34 GeV). The acceptance efficiency is 
contained in the ratio eTro = (n 2/N2 )/(n 1 IN1 )" 
Note that e,,o includes not only the geometrical accep- 
tance but also accounts for fluctuations in the shower 
development, for overlap of  clusters, for inefficiencies 
of the cluster search, and for radiative effects. For 
those data where the information from all 8 submo- 
dules would be used e~ro varies between 0.05 and 0.14 
for ~r 0 energies between 0.5 and 4 GeV. In computing 
e~ro, n t (E~r°) included a//primary produced n 0's plus 
those coming from the strong, electromagnetic or 

weak decay of  particles except for those from K 0 and 
K +- decay. The K yields have been measured in this ex- 
periment [9,10]. Note tha tn  2 includes 7r°'s from K 
decay. (The inclusion of  n 0 s from K decay in n~ 
would decrease e~ro and therefore increase the 7r u cross 
sections given below by a factor which is I. 16 in the 
first ETro interval decreasing to 1.12 in the last 7r 0 inter- 

val.) 0 
The n cross section has been computed from the 

measured number of  accepted hadronic events, N 3, 
and the number of  77 combinations n3(E~ro ) dE,to, ob- 
served above background in the n 0 mass inferval. De- 
noting by Oto t the total hadronic annihilation cross 
section the n 0 cross section is given by 

I n3(ETr°) dElr° 
dcr(ETr° ) = °t°t e~r-° A 3 

Figs. 3a and 3b show the differential cross section 
do/dp for 7r 0 production and the scaled cross section 
(s/~) do/dx (s = W 2, ~ = PIE and x = 2E/W where p, E 
are the 7r 0 momentum and energy) for W = 14 and 34 
GeV. The error bars include the statistical error as well 
as the uncertainties in background subtraction (typical- 
ly of  the order of  10%), acceptance (~8%), efficiency 
of the calorimeter (5%) and cross "section normaliza- 
tion (8%) which have been added in quadrature. 

Fig. 3b also exhibits the averages of  the n + and n -  
cross section 0.5 [o(Tr +) + o (n - ) ]  measured previously 
at I¢ = 12 and 30 GeV by this experiment [10]. They 
agree well with the ~r 0 cross sections. By scaling these 
charged pion cross sections to IV = 14 (34) GeV as- 
suming a IV dependence o ~ i4/-2 we find for the pion 
energy interval 0.5 <E~r < 1.5 GeV for which both 
n 0 and 7r-* data are available: 

2°0r0) - = 1 . 3 + 0 . 4  (1.2+0.4) 
o(n +) + a(~-) 

at 14 (34) GeV. This result is consistent with equal 
yields of  n 0, n + and n - .  

Fig. 3b shows that the scaled n 0 cross sections for 
Wat 14 and 34 GeV agree within errors in the x direc- 
tion where both sets overlap (x = 0.1-0.2) .  However, 
the comparison of  our data with those measured [11] 
at lower energy (4 .9-7 .4  GeV) suggests a sizeable 
scaling violation (see fig. 3b): for x between 0.2 and 
0.6 the low energy data are roughly a factor of  2 above 
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Fig. 3. (a) The differential cross section da/dp for e+e ---* 7r ° + anything at W = 14 and 34 GeV. zr°'s from K decay are excluded. 
(b) The scaled cross section (s/(3) da/dx for e÷e - ~ ~r ° + anything at W = 14 and 34 GeV 0r°'s from K decay excluded), and at 4.9- 
7.4 GeV by ref. [ 11]. Also shown are the averages of n÷ and lr- production, 0.5 [a0r ÷) + a0r-)], as measured at 12 and 30 GeV 
[10]. 

those from 14 GeV. The scaling violations cannot be a 
result of the bot tom threshold which is crossed be- 
tween the low and high energy data since bot tom quark 
production could only raise the ~r 0 cross section at 
higher W energies. 
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