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Using the ARGUS detector at the DORIS IIe +e- storage ring we have measured direct photons from the decay Y(IS)~ygg. 
The ratio Ry = F(Y( 1 S) ~Tgg)/F(Y( 1S ) ~ggg) = ( 3.00 _+ 0.13 + 0.18 )% has been determined, from which we deduce values of the 
strong coupling constant a~= 0.225 _+ 0.011 _+ 0.019 and the QCD scale parameter A~s = 115 +_ 17 +_ 28 MeV defined in the modi- 
fied minimal-subtraction scheme. The shape of the measured spectrum clearly rules out the predictions of the lowest order QCD 
calculations. 

The direct photon spectrum from "f(1 S) decays has 
been measured  using the A R G U S  detector  at the 
e+e - storage ring DORIS  II at DESY. The Y(1S) 
dominan t ly  decays into three gluons, but  it can also 
decay into one pho ton  and two gluons, al though sup- 
pressed by order  C~em/C~s, where (9gem and c~s are the 
e lectromagnet ic  and  strong coupling constants,  re- 
spectively. A measurement  of  the inclusive pho ton  
spectrum can thus be used to de te rmine  the strong 
coupling constant  from the ratio of  the decay rates 
[1] 

F ( ~ ( 1 S ) - ~ T g g )  
R~ = F ( Y ( 1 S ) - , g g g )  

4 (Odern/as)[ 1 + ( 2 . 2 +  0.6)aJn] (1) 

This  relat ion allows an accurate de te rmina t ion  of  
as  since higher order  correct ions a lmost  complete ly  
cancel due to the ident ical  structure of  the leading 
order  ampl i tudes  of  the decays Y ( 1 S ) ~ g g g  and 
"f (1 S) ~ 7 gg. The strong coupling constant  is related 
to the Q C D  scale pa ramete r  A ~ ,  def ined in the 
modi f i ed  min imal - sub t rac t ion  scheme, by the equa- 
t ion [ 2 ] 

On leave from University of Science and Technology, Kumasi, 
Ghana. 

-~ Weizmann Institute of Science, 76100 Rehovot, Israel. 
3 Supported by the Minerva Stiftung. 
4 Supported by the German Bundesministerium ffir Forschung 

und Technologic under the contract number 054DO51P. 
5 Present address: University of California at Santa Cruz, Santa 

Cruz, CA 95064, USA. 
6 Supported by the German Bundesministerium •r Forschung 

und Technologic under the contract number 054HD24P. 
7 Carleton University, Ottawa, Ontario, Canada KIS 5B6. 
8 York University, Downsview, Ontario, Canada M3J IP3. 
9 University of Toronto, Toronto, Ontario, Canada M5S 1A7. 
~o McGill University, Montreal, Quebec, Canada H3A 2T8. 
~ Supported by the Natural Sciences and Engineering Research 

Council, Canada. 
~2 Supported by the US National Science Foundation. 
h3 Supported by Raziskovalna skupnost Slovenije and the Inter- 

nationales Bfiro KfA, Jtilich. 
~4 Supported by the Swedish Research Council. 
~5 Supported by the US Department of Energy, under contract 

DE-AS09-80ER 10690. 

4n ( fl, In ln( QZ /AZM---g) "] 
O~s = flo ln( Q2 /A~_~ ) - 1 - - f l S o - l ~  j ,  

(2) 

where f l o=l l -2Nf l3  and fl~=lO2-38Nf/3. The 
number  of  active f lavours Nf is equal to four in this 
case and the energy scale Q2=  (0.157M~.)2 [1 ]. 

To obta in  the number  of  direct  photons,  and  thus 
the number  of  Y (1 S) ~ 7 gg decays, the photon  spec- 
t rum has to be integrated over the whole energy range. 
An accurate measurement  of  the direct  photon  spec- 
t rum is, however,  possible only for values of  x =  
Ev/Ebeam larger than about  0.5 since at lower photon  
energies background photons  from n ° and  q decays 
dominate .  Thus, it is impor tant  to find a model  which 
fits the measured  part  of  the spect rum well, so that  
an ext rapola t ion  to the lower energy range may be 
per formed  confidently.  

The energy spectrum of  direct  photons  is, to the 
lowest order  in c% the same as that  for or thoposi-  
t ron ium annih i la t ion  into three photons  [ 3 ], which 
rises a lmost  l inearly with increasing energy, peaking 
sharply at the m a x i m u m  energy. However ,  radia t ive  
correct ions are expected to be impor tan t  in the vi- 
cini ty of  x =  1, leading to a slight softening of  the 
spect rum at its upper  end [4] .  A par ton-shower  
Monte  Carlo approx imat ion  to Q C D  per turba t ion  
theory has been used to include the effect of  the gluon 
self-coupling [ 5 ]. As the outgoing gluons radiate  ad- 
d i t ional  gluons they acquire invar iant  mass, causing 
the photon  spectrum to vanish as the energy ap- 
proaches  its max imum.  

The da ta  used for this measurement  of  the inclu- 
sive photon spectrum from the "f(1 S) resonance were 
collected using the A R G U S  detector  at the e+e - 
storage ring D O R I S  II at DESY. The proper t ies  of  
the detector  and  its capabil i t ies  in measuring inclu- 
sive photon  spectra have been descr ibed elsewhere 
[6,7] .  The photons  were detected in the shower 
counters  which in the barrel  region have an energy 
resolution of  a / E =  (0.0722 + 0.0652 (GeV) /E)  ,/2 [ 8 ]. 
In this analysis the photons  were restr ic ted to the 
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barrel  region by an angular  cut I cos 0l ~< 0.7, in order  
to take advantage  of  the bet ter  energy resolut ion and 
the higher trigger efficiency in this region, and  to 
avoid  the higher background from ini t ial-s tate  ra- 
dia t ion in the end caps. 

The event  sample  corresponds to an integrated lu- 
minosi ty  of  44 pb-~  at the 37(1S) resonance and 35 
pb ~ in the nearby con t inuum from 9.4 GeV to 10.5 
GeV. The da ta  were taken during several running pe- 
riods through the years 1983-1986.  In order  to check 
for possible systematic  effects due to different  run- 
ning condit ions,  the da ta  were d iv ided  into subsam- 
pies of  constant  exper imenta l  condi t ions  and 
analysed separately.  After  applying correct ions for 
detect ion efficiencies, which vary main ly  due to dif- 
ferent amounts  o f  mater ia l  in front of  the main  drif t  
chamber,  the spectra and the rat io R v ob ta ined  from 
the different  per iods  were in excellent agreement.  
Therefore,  only the combined  da ta  from all running 
per iods  are discussed in this paper.  

In selecting mul t ihadron  events, the contr ibut ions  
from beam-gas  and beam-wa l l  interact ions,  two- 
photon  processes and Bhabha events were sup- 
pressed by requir ing that  at least three charged tracks 
emerge from the in teract ion vertex, the total  energy 
deposi ted in the shower counters  be greater  than 
0.2EcMs, the scalar sum of  all part icle  m o m e n t a  ex- 
ceeded 0.4EcMs, and at least two charged part icles 
not  be ident i f ied as electrons ~ 

In the data  sample collected on the Y(1S), 600 000 
events remained  after this selection ~2. These include 
contr ibut ions  from 37 ( 1 S) -~ ggg and 37 ( 1 S) ~ '{gg de- 
cays, nonresonant  e+e --+qq processes and 
Y(1S)--+q(t decays. Most  background photons  f rom 
these processes come from n o and q decays into two 
photons.  Fig. 1 shows the raw pho ton  spect rum and 
the background contr ibut ions.  

A photon  was def ined by requir ing signals from at 
least three adjacent  shower counter  modules  and no 
associated t rack in the main  drift  chamber.  Photons  
from n o decays were suppressed ei ther  by cuts on the 
lateral shower shape [ 1 1 ], when both photons merged 
into a single cluster, or by requir ing the invar iant  

~L Electrons are identified by means of their energy loss in the 
drift chamber, their time of flight, their energy deposition in 
the shower counters and the lateral shape of the shower, using 
a likelihood method. The procedure is described in ref. [9]. 

,2 For a detailed description of the analysis see ref. [ 10]. 
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Fig 1 The raw photon spectrum (full dots), contributions from 
e +e +q~l and Y(1S) ~qq (open circles) and Y(1S) ,ggg decays 
(histogram) 

mass of  any two photons  to be at least two s tandard  
devia t ions  away from the nomina l  n o mass value. In 
the lat ter  case, one of  the photons  was also allowed 
to hit the endcap counters. 

The inclusive photon  spectrum from the contin-  
uum e+e - --, qel has been measured at energies o f f the  
37 resonances. After  scaling to the 37(1S) energy and 
normal iz ing by the ratio of  luminosi t ies  on- and off- 
resonance this background was subtracted.  

The photon  spectrum from 37(1S)~qq  is essen- 
tially the same as that  from the con t inuum except for 
the absence of  photons  from ini t ial-state radiat ion.  
In order  to account for this, the spectrum measured  
in the con t inuum was corrected using a complete  de- 
tector s imula t ion  [ 1 2 ] of  the e + e -  ~ qCt events ~3 in- 
cluding ini t ial-state [ 14] radiat ion.  

To de te rmine  the remaining background from 
37(1S)--+ggg processes, we used our measured  n o and 
11 spectra from direct  37(1S) decays [ 1 1 ] as input  for 
a Monte  Carlo s imulat ion % Cuts to suppress con- 
t r ibut ions  from neutral  pions to the photon  spec- 
t rum were appl ied  in the same way as descr ibed 
above. Losses for detector acceptance were taken into 
account  as well as merging of  two-photon clusters, 
overlaps of  a photon  and a charged particle,  and con- 
version of  photons  into e+e - pairs in the mater ia l  
pr ior  to the main  drift  chamber.  

A small background of  less than 0.5% from neutral  
hadronic  showers in the region x <  0.5 was largely re- 

~3 The event generator used was Lund 6.2.  For details see refi 
[13]. 
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Fig. 2. The total acceptance (solid curve) for detection of pho- 
tons in the decay Y(1S)--*Tgg and the efficiency due to the cut in 
event multiplicity determined from the data (circles) and from 
Monte Carlo calculations (crosses). The dotted curve is a fit to 
the data. Indicated are statistical errors only. 
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Fig. 3. Acceptance-corrected direct photon spectrum compared 
to the theoretical spectra of ref. [3] (dashed curve), ref. [4] (dot- 
dashed curve) and ref. [ 5 ] (solid curve). The error bars repre- 
sent statistical errors only. 

moved by the cut in the lateral shower shape. The 
remaining background from hadronic showers was 
estimated using a Monte Carlo detector simulation 
[ 12] in combinat ion with a simulation o f  hadronic 
showers [ 15 ]. 

After background subtraction the spectrum was 
corrected for acceptance losses, reconstruction inef- 
ficiencies, conversion losses, losses due to overlaps 
with charged tracks and for inefficiencies of  the se- 
lection criteria, using simulated Y(1 S) ~ 7 g g  events. 
An angular distribution of  the form dN/d(cos0)  
= 1 + a ( x )  cos20 was assumed for the direct photons, 
with the value of  a (x )  taken from calculations of  the 
or thoposi t ronium decay [ 16 ]. The acceptance curve 
was found to be essentially independent of  the shape 
of  the photon spectrum assumed. The resulting 
acceptance has a maximum of 52% at x = 0 . 5 5  and 
falls smoothly to 33% at x =  1, as shown in fig. 2. This 
fall-off is due to the requirement of  at least three 
charged tracks in the event, since the invariant mass 
of  the gluons becomes smaller; thus the average mul- 
tiplicity decreases as the energy of  the photon 
increases. 

The acceptance-corrected direct photon spectrum 
in the range x = 0 . 2 - 1 . 5  is shown in fig. 3. In order 
to integrate this spectrum we compare our data with 
the theoretical models mentioned previously, after 
folding them with the energy resolution of  our shower 
counters. Data  points for x < 0 . 5  were not included 
in the fit because of  their larger statistical and sys- 

tematic errors. They are nevertheless included in the 
figure to show that they are consistent with the ex- 
pected shape of  the photon spectrum. Furthermore 
the data points in the region x >  1 are leveling off  at 
zero as expected. These two facts give confidence that 
the background subtraction is done correctly. In a 
linear least-squares fit, only the overall normaliza- 
tion enters as a free parameter. The prediction o f  ref. 
[5] describes the data very well, with a Z z o f  9.2 at 
13 degrees of  freedom. The spectra of  refs. [ 3,4 ] are 
clearly ruled out, having X 2 values of  78 and 53, 
respectively. 

To check that the softening of  the spectrum is not 
artificially produced by the requirement of  at least 
three charged particles in the event, a sample of  about 
12 000 Y (2S) -~ ~ + ~ -Y( 1 S) decays was studied. This 
sample was selected in the same way as described in 
ref. [ 17]. Allowing the two pions alone to provide 
the trigger, and without imposing a multiplicity cut, 
a completely unbiased Y(1S) sample is obtained. 
After background subtraction the remaining 6300 
events were used to experimentally determine the ef- 
ficiency of  the cut in the event multiplicity. Com- 
parison with the Monte Carlo calculation (fig. 2) 
shows excellent agreement. From the efficiency spec- 
t rum the contribution of  the multiplicity cut to the 
systematic error was obtained. 

As a detailed investigation has shown [10],  the 
other major  contributions to the systematic error 
come from uncertainties in the photon selection pro- 
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cedure and in the background subtraction from 
"f(1S)-,ggg events. In addit ion,  we considered er- 
rors due to uncertainties in the trigger efficiency, in 
the event selection not including the multiplici ty cut, 
in the relative luminosity measurement,  in the ~(1 S) 
yield due to the energy calibration of the storage ring, 
and in the branching ratio of "F(1S)-~qq. Each of 
these contr ibuted less than a percent. All systematic 
errors that depend on the photon energy were prop- 
erly weighted with the measured direct photon spec- 
t rum to give the total relative systematic error on the 

overall scale of a/Rv of 6.0%. 
Fit t ing the spectrum of ref. [ 5] to our data gives 

the total number  N(ygg) = 11 110 + 460 of ~'(1 S) -~ 
7gg decays. From the observed number  of hadronic 
decays o f ' f ( 1 S ) ,  the number  of three-gluon decays 
N(ggg) = 369 000_+ 7400 is calculated using Bu~= 
B r ( ' f ( 1 S ) ~ t + p .  ) = 0 . 0 2 8 + 0 . 0 0 2  [ 18]. This gives 
the ratio 

F ( ' f (1  S) o y g g )  
R y =  F ( ' f ( 1 S ) ~ g g g )  = ( 3 . 0 0 + 0 . 1 3 _ + 0 . 1 8 ) % ,  

from which we find 

as=0.225_+0.011_+0.019 

and 

A ~ =  115_+ 17+28  MeV, 

where the theoretical uncertainty of eq. (1) has been 
added in quadrature to the systematic error. 

Our values of as and A ~  are in good agreement 
with previous results from measurements  of Ry 
[19,20], and consistent with results from recent 
measurements  in e+e - annihi la t ion at x/~ of 30 
GeV-45 GeV ~4, deep inelastic scattering [23], and 
with calculations of Fggg/Fo, at the J/~/ and "l' res- 
onances [24] % However, the shape of our photon 
spectrum is in clear disagreement with that of ref. 
[19]. 

In conclusion, we have measured the direct pho- 
ton spectrum from ~(1S) decays, confirming the 
spectral shape of ref. [5]. Using this shape to ex- 

,4 The latest measurements are described in ref. [ 21 ]. For a re- 
view, see ref. [22]. 

,5 A~g from F(J/~g-,ggg)/F(JAg~tp) was first determined to 
be approximately 50 MeV, but in ref. [25] a somewhat im- 
proved expansion of the perturbation series is proposed, re- 
sulting in a value around 135 MeV. 

trapolate our measured photon spectrum to x =  0, the 
ratio Rv provides a precise determinat ion of the 
strong coupling constant  as and the QCD scale pa- 
rameter A ~ .  
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