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The reactions e + e - ~ y y 7  and e+e---*y'/'{7 have been studied at center-of-mass energies between 35 and 46.8 GeV with an 
integrated luninosity of about 130 pb t accumulated with the CELLO detector at PETRA. The measurements are compared to 
QED calculations up to third and fourth orders of perturbation theory. Excellent agreement is observed. 

1. Introduction 

In this paper  we present  tests of  quan tum electro 
dynamics (QED)  in e+e - annihi lat ion into three- and 
four-photon final states. Since there is no weak inter- 
action contr ibut ion  to the lowest order  of  per turba-  
t ion theory ( a  3 for e + e - - ~ , y 7  and OL 4 for 

e+e - ~ y y y y ,  where a is the fine structure constant ) ,  
e+e - annihi la t ion  into photons  provides  a clean test 
of  QED. 

The data  were recorded by the CELLO detector  
operat ing at the PETRA e+e - storage ring, at ener- 
gies in the range 35-46.8 GeV. The integrated lumi- 
nosity of  130 p b -  1 has allowed us: 

( i )  to per form precise measurements  of  e+e - an- 
nihi lat ion into three energetic photons,  

( i i)  to observe 19 events with e+e - annih i la t ion  
into four energetic photons.  In this way we present  
for the first t ime da ta  d is t r ibut ions  for this channel,  
and compare  them with the theoret ical  ones. The lat- 
ter were obta ined  using a specially wri t ten Monte  
Carlo generator.  

The CELLO detector  is par t icular ly  well suited to 
investigate pure photon  final states, due to its a lmost  
hermetic  calor imetry  covering more than 99% of  the 
solid angle. After  a short  descr ipt ion of  this calori-  
metry and of  its performance,  we present  the event  
selection, the analysis and the results for the two pro- 
cesses ment ioned  above. 
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2. Detector description 

A detai led descr ipt ion of  the CELLO detector  can 
be found in ref. [ 1 ]. Here we recall only the features 
essential for the study of  purely electromagnetic  neu- 
tral final states. 

CELLO features hermet ic  calor imetry  down to a 
polar  angle of  50 mrad  with respect to the beam axis. 
The main component  is a 20 radia t ion length 
lead- l iqu id-argon  calorimeter ,  with fine lateral and 
longitudinal  segmentat ion and sixfold sampling in 
depth.  The 16 modules  of  the "bar re l"  part,  located 
in a single cryostat,  cover the polar  angle domain  
[cos 01 <0 .86  while the 4 "end-cap"  modules  span 
the range 0.92 < i cos 01 < 0.99. This ca lor imeter  pro- 
vides an energy resolut ion paramet r ized  as AE ~ 5%E 
+ 1 0 % , ~ ,  E in GeV, and an angular resolut ion of  
~ 5 mrad,  in both az imuth and polar  angle. 

The calorimeter  gap at 0.86 ( i cos 01 (0.92 is closed 
by a lead scinti l lator  sandwich, the so-called "hole 
tagger", with only rough energy and angular  resolu- 
tions, but  good vetoing capabili ty.  

The small angle tagger - a lead-glass counter  cov- 
ering the polar  angle domain  from 120 mrad  down to 
50 mrad  - is used in this analysis only to check the 
integrated luminosi ty  measurement  whose precise 
value has been deduced from the number  o fe+e  - --,,/~, 
events observed in the central calorimeter .  Table 1 

Table 1 
Energies and integrated luminosities of the data samples used in 
the analyses reported here. 

x/s(GeV) 5°(pb ')  

35.0 81.0 
38.3 8.9 
38.7-43.3 4.9 
43.5 1.4 
43.6 17.0 
44.2 9.2 
43.4-45.2 3.8 
45.3-46.8 3.5 
46.3 1.0 

155 



Volume 202, number 1 PHYSICS LETTERS B 25 February 1988 

summarizes the luminosities used for this study to- 
gether with the corresponding beam energies. 

The following trigger conditions were relevant for 
the study of pure photon final states: an energy de- 
position of at least 2 GeV in each of two barrel mod- 
ules separated by at least 45 ° in aximuth, or an energy 
deposition of at least 3 GeV in one of the barrel 
modules. 

The trigger efficiency is close to 100% for e+e - an- 
nihilation into three or four energetic photons fulfill- 
ing the selection criteria described below. This high 
efficiency is essentially due to the presence of at least 
one photon with an energy above Eb/2( ~ 9 GeV), 
where Eb is the beam energy, and at least photons with 
an energy above Eb/3( ~ 6 GeV) in the worst case. 

3 .  T h e  r e a c t i o n  e + e - ~ ) ' ) ' 7 .  

To select purely neutral final states, we first per- 
formed a preselection using the following criteria: 
- no reconstructed charged particle tracks, 
- at least two showers in the barrel calorimeter with 
an energy deposition above 800 MeV each, 
- not more than four showers with an energy deposi- 
tion above 800 MeV each, 
- at least two showers with an energy deposition above 
Eb/ 4 each. 

Three-photon final states were selected as having 
exactly three showers with an energy above 800 MeV 
if detected in the barrel modules or 2 GeV if in the 
end-cap modules, the angular separation of each pho- 
ton pair having to exceed 10 °. 

In order to reduce the cosmic background, it was 
also required that the total visible energy be above 
and the total momentum be below E b. 

Finally the radiative Bhabha background (with 
both electron tracks unreconstructed) was drastically 
reduced by requiring an acoplanarity of the two most 
energetic showers above 3°. For this three-photon 
process, we did not include the hole tagger informa- 
tion in the selection criteria. 

Using the data sample shown in table 1,889 can- 
didates passed these cuts and were fitted to the 
e+e -~)')'),(),) hypothesis- (7) being emitted along 
the beam axis - with the measured energies and an- 
gles of the three detected photons as input. 
667 events satisfied a four-constraint or three-con- 

straint fit with a confidence level above 1%. A few 
energy dependent cuts were applied to this sample in 
order to take into account the large range of,~/s: 
- the smallest photon energy had to be above 0.1Eb, 
- the energy of the undetected photon in the beam 
pipe had to be less than 0.2Eb. 

The remaining 522 events were inspected visually. 
Residual background events due to cosmic showers 
or with unreconstructed charged particle tracks were 
rejected. The features of these background events are 
quite easily recognized: extra showers and/or show- 
ers with a "wrong" longitudinal development in the 
liquid-argon-lead stacks as far as the cosmic ray 
events are concerned, strings of hits in the central 
tracking device in other cases. As a consequence, the 
error introduced by this rejection is negligible with 
respect to the statistical uncertainty which corre- 
sponds to the size of the final sample of events. 

Finally we are left with 429 three-photon events, to 
be compared with an expectation of 441 _+ 13, ob- 
tained using the e +e-~),7) '  generator of Berends and 
Kleiss [2] modified to allow for the emission of an 
extra photon along the beam line. The error on the 
number of expected events reflects the uncertainty in 
the luminosity measurement ~1. The detector re- 
sponse simulation takes into account the acceptance 
and the resolutions. 

The theoretical differential cross section increases 
rapidly for events having at least one photon with a 
small polar angle and/or with a low energy. There- 
fore, photon polar angles and energies are adequate 
variables to test the dynamics of the process. The dis- 
tributions of these quanities are shown in fig. 1, to- 
gether with the QED expectation normalized to the 
observed number of events. Fig. 2 shows the Dalitz 
diagram of the three-photon pair squared invariant 
masses, in which three regions have been defined: 

W~3)/s>0.75 Region I ,  

W~)/s>0.4 Region I I I ,  

W~3)/s<0.75 and W~)/s<0.4 
where W,~, W~2~ and 14I(3) 

Region I I ,  

are the y), invariant 

~ The virtual radiative corrections have not been calculated for 
the processes investigated in this paper. Therefore, their con- 
tribution has not been taken into account in the estimations of 
the expected number of events, nor in the corresponding error. 
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Fig. 1. Photon polar angle (a) and energy (b) distributions in 
the reaction e+e ---.7"(7 (3 entries per event). The curve repre- 
sent the QED expectation. At least two photons out of three have 
to be in the barrel calorimeter acceptance ( [cos 01 ~<0.86). 

masses in increasing order. Table 2 shows the com- 
parison of the numbers  of expected and observed 

events in each of these three regions. 
All the data distr ibutions and numbers  of events 

are in excellent agreement with the oP QED expecta- 
tion. Similar results have previously been reported 
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Fig. 2. Dalitz diagram for the reaction e+e - -'7Y7. 

Table 2 
Comparison of the numbers of expected and observed events in 
the three regions of the Dalitz diagram shown in fig. 2. 

Region Data QED 

I 137 154 
ll 260 250 
I11 32 37 

Total 429 441 

4. T h e  reaction e÷e- ~ y y T T. 

Following the preselection described above, four- 
photon final states were selected as having exactly four 
showers, at least three being in the barrel calorimeter 
with an energy above 800 MeV. A fourth shower had 
to have an energy above 800 MeV in the barrel calo- 
rimeter or in the hole tagger scintillators, above 2 GeV 
in the end-cap calorimeter. Angular separation, total 
shower energy and total m o m e n t u m  cuts were the 
same as above. 

The 200 selected candidates were fitted to the 
e+e ---,YYYY(Y) hypothesis. Among them 71 events 
statisfied a four- or three-constraint fit with a confi- 
dence level above 1%. Energy dependent  cuts were 

applied to this sample also: 
- the smallest photon energy had to be above 0.05Eb, 
0.05Eb or 0.1Eb in the barrel, hole tagger or end-cap 

respectively, 
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- the energy of the undetected photon in the beam 
pipe had to be less than 0.2Eb. 

The remaining 53 events were scanned. 34 back- 
ground events were found which were due to cosmic 
showers or double radiative Bhabha scatters with two 
unreconstructed tracks. Here again this background 
rejection could be performed without any ambiguity. 
The number  of genuine e+e - ~YYYY events is 19. All 
of them satisfy a four-constraint fit with a confidence 
level above 5%. 
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Fig. 3. Photon polar angle (a) and energy (b) distributions in 
the reaction e+e---.y~'T7 (4 entries per event). The curves rep- 
resent the QED expectation. At least three photons out of four 
have to be in the barrel calorimeter acceptance ( I cos 01 <~ 0.86). 

In order to compare this number  to the OL 4 QED 
prediction, a Monte Carlo generator was developed 
for the four-energetic-photon final states [5], using 
the matrix element given in ref. [6]. This generator 
has been compared with calculations carried out by 
Kleiss and Stirling [ 7 ]. 

The simulation of the detector response and the 
analysis chain lead to a predicted observable cross 
section of 0.16 pb at x / s = 3 5  GeV. The expected 
number  of events is 18.1+0.6,  in excellent agree- 
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fig. 4. Distribution of the moment transfers of the type t,+/s= 
(p+ -ki)2/s (a) and zljs= (p_ -ki-kj)~-/s (b) for the reaction 
e +e --*TYYY (8 and 6 entries per event). The curves represent 
the QED expectation. 
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ment with the 19 observed events. Here also, the er- 
ror reflects the uncertainty in the luminosity 
measurement. Among these 19 events, 5 had the four 
photons in the barrel (6.1 expected), 3 had a photon 
in the hole tagger (4.0 expected) and 11 had a pho- 
ton in the end-cap (8.0 expected). 

The predictions of QED were checked in more de- 
tail by examining those kinematic variables which are 
the most significant with respect to the dynamics of  
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Fig. 5. Distributions of the six-photon pair invariant masses in 
GeV (a) and of the smallest invariant mass normalized to beam 
energy (b) for the reaction e + e - ~ T T y y .  The curve (a) and the 
hatched histogram (b) represent the QED expectations. 

the process. As before, the chosen quantities are the 
polar angles and the energies of the photons shown in 
fig. 3. In addition, fig. 4 shows the distributions of 
the squared momentum transfers: 

t + = (p+  - k i )  2 , 

d u = ( p _  - -  k i - k j )  2 , 

where p+_ are the e + four momenta and kia the T four- 
momenta ( i j =  1,2,3,4). Finally, fig. 5 shows the dis- 
tributions of the yT invariant masses and of the 
smallest Ty invariant mass per event. Again, very 
good agreement with the c~ 4 QED expectation is 
observed. 

5. Conclusion 

In none of the distributions relevant to the electron 
positron annihilation into three and four photons at 
PETRA energies have we observed any deviation 
from the QED predictions, calculated up to order c~ 4. 
19 events with four photons in the final states have 
been observed, in good agreement with the theoreti- 
cal expectation. Previously, only two such events had 
been reported [3]. Therefore the distributions pre- 
sented in this letter provide the first detailed analysis 
of  this fourth-order QED process (e+e - --'TYYY ) ob- 
served in a high momentum transfer regime. 
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