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We  report  on a compar i son  o f  isolated hard  pho ton  product ion  in hadronic  Z decays with the predict ions  o f  a 
next- to- leading order mat r ix -e lement  calculation. We cons t ra in  the quark  electroweak couplings to the  Z boson with 
a s imul taneous  fit to three direct photon  dis t r ibut ions,  and  combine  this  result  with an  independen t  const ra in t  f rom 
our  m e a s u r e m e n t  o f  the  total hadronic  width  o f  the  Z, obta in ing Cu = 0.92 + 0.22 and  c d = 1.63 + 0.15 where 
Cu,d = 4(g2v + g2A)u,d. Our  results are consis tent  with s t andard  model  predict ions.  
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1. Introduction 

Isolated hard photons (direct photons) produced 
in hadronic Z decays are mainly associated with ra- 
diation from the primary quark-antiquark pair. These 
events provide information about the electroweak 
couplings of  quarks [ 1 ], and serve as probes of  the 
short-distance structure of QCD. LEP is particularly 
well-suited for direct photon studies [2-5 ] because 
of a high event rate and suppressed initial-state 
radiation. 

The decay of a Z boson into a quark-antiquark pair 
can be described by two effective electroweak cou- 
pling constants, Cu,d = 4 -2 -2 (gv +gg)u,O, where the sub- 
script u and d denote charge + -~ (u-type) and charge 
- ~  (d-type) quarks respectively. These couplings 
contribute only to the overall rate of  a process involv- 
ing the decay of a Z into quarks. We consider here 
two such processes: the inclusive decay of a Z into 
hadrons, and the decay of a Z into hadrons together 
with photon radiation from the primary quark-anti-  
quark pair. The linear combination of couplings that 
appears in the expression for the total hadronic decay 
width of the Z is already well-constrained experimen- 
tally [6-10].  New measurements of isolated hard 
photons in hadronic events offer the possibility to de- 
termine a different linear constraint that, when com- 
bined with the total width measurement, allows us to 
infer the individual values of  the u- and d-type quark 
electroweak couplings. 

In order to relate the observed production of iso- 
lated hard photons to the electroweak coupling factor 
that appears in the cross-section, we must first cal- 
culate the factor in the cross-section that does not de- 
pend on the couplings. This factor can be expressed 
as a phase-space integral of  appropriate matrix ele- 
ments, where experimental cuts are included as phase- 
space constraints, and was first calculated by Kramer 
and Lampe [ 11 ]. More recent theoretical work [ 12- 
14 ] has focussed on the treatment of  essentially non- 
perturbative contributions to the matrix-element cal- 
culation that were not considered in ref. [ 11 ]. 

We report here on a comparison of our direct pho- 
ton data, already presented in ref. [ 4 ], with the pre- 
dictions of a QCD matrix-element calculation at 
O(ctas). We determine a linear constraint on the 
quark electroweak couplings with a simultaneous fit 
to three direct photon distributions and, combining 

this fit with our measurement of  the total hadronic 
decay width of the Z [ 8 ], obtain the individual val- 
ues of the u- and d-type quark electroweak couplings. 

2. The L3 detector 

The L3 detector [ 15 ] consists of a central tracking 
chamber, a high resolution electromagnetic calorim- 
eter composed of bismuth germanium oxide crystals, 
a ring of scintillation counters, a uranium and brass 
hadron calorimeter with proportional wire chamber 
readout, and an accurate muon chamber system. 
These detectors are installed in a 12 m diameter, 
16 m long magnet, which provides a uniform field of 
0.5 T along the beam direction. 

The material in front of the electromagnetic calo- 
rimeter amounts to less then 10% of a radiation 
length. The energy resolution for electrons and pho- 
tons is better than 2% for energies above 1.5 GeV. 
The angular resolution for electromagnetic clusters 
with energies above 5 GeV is better than 2 mrad. 

3. Data analysis 

The data analysis relevant to this paper has been 
previously described in ref. [4 ]. We briefly summa- 
rize its main features. 

Hadronic events with direct photons are chosen by 
first selecting hadronic events as described in ref. [ 8 ], 
and further requiring that the center-of-mass energy 
be in the range 91.0-91.5 GeV, in order to reduce the 
contribution from initial-state photons and interfer- 
ence between initial and final state radiation. This 
procedure yields 323 674 events collected during 1990 
and 1991. 

In each of these events, photon candidates are se- 
lected from the barrel region of the electromagnetic 
calorimeter, covering the polar angles 45°-135 °, 
where the contribution from initial-state photons is 
minimal. Photon candidates are defined as clusters 
in the electromagnetic calorimeter that have an en- 
ergy greater than 5 GeV, that are not associated with 
a charged track, and that are isolated by at least 15 ° 
from other electromagnetic-calorimeter clusters of 
energy greater than 500 MeV. Finally, jets are recon- 
structed from the hadronic part of the event (exclud- 
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ing the photon candidate) using the JADE algorithm 
[ 16 ] with the parameter Yc,t = 0.05. We require that 
photon candidates be isolated by more than 20 ° from 
the axis of  each reconstructed jet. 

We find 3202 events with isolated hard photon 
candidates. Monte Carlo studies indicate that in ad- 
dition to final-state photons radiated from quarks, this 
sample includes neutral hadrons occurring either as 
single isolated particles or in tight groups of  particles 
that decay into adjacent photons, as well as a smaller 
fraction of  initial-state photons. We directly identify 
and reject the low-energy neutral hadron background 
in our sample by its characteristic pattern o f  energy 
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Fig. 1. Distributions of (a) the final state photon energy, (b) the 
angle between photons and the nearest jet, and (c) the transverse 
energy of photons with respect to the event thrust axis. Data points 
are corrected for detector effects and background from initial state 
radiation and neutral hadron decays. The predictions of the ma- 
trix-element (M.E.) calculation with 0~= 10 ° and 20 ° are shown 
as dashed and solid histograms respectively, with fitted values of 
Xand otl'>, as given in table 1. 

deposition in the electromagnetic calorimeter. We 
subtract the remaining high-energy neutral hadron an 
initial-state photon background statistically from our 
final distributions by inferring their contributions 
from a large sample of  simulated Monte Carlo events. 

In order to facilitate comparisons with theoretical 
models, the data in ref. [4] have been corrected for 
detector effects: a correction factor for each bin is cal- 
culated as the ratio of  the number  o f  Monte Carlo 
events selected with energy and jet-isolation cuts in 
an ideal detector, to the number  of  events selected 
with all cuts in a simulated L3 detector. The data in 
fig. 3 of  ref. [ 4 ] are reproduced in fig. 1, and give the 
corrected distributions of  the final-state photon en- 
ergy, the angle between photons and the nearest jet, 
and the transverse energy of  photons with respect to 
the event thrust axis. 

4. Theoretical predictions 

In the standard model, the interaction of  a fer- 
mion, f, with a Z boson proceeds via vector and axial 
neutral currents, with effective coupling constants gv 
and gA- We formulate our results in terms of  the com- 
bined effective coupling 

c f -  4(g2v +g~,)f .  ( 1 ) 

In the improved Born approximation cf is related to 
the charge of  the fermion, Qr, via [ 17 ] 

cr=peff[ 1 + ( 1 --41Qf[ s in2Ow) 2 ] , (2)  

where/7,, is the effective weak mixing angle and p~fr~ 1 
includes electroweak corrections. The decay of  a Z 
boson into quark-ant iquark pairs is then described 
by two combined coupling constants: one for u-type 
quarks (cu) with Q,  = + 2, and one for d-type quarks 
(ca) with Qd= - 1 

The total hadronic decay width of  the Z is given in 
the improved Born approximation by [ 18 ] 

F(Z--,q~l) 
2 Ncm3Gj,[ as ( ~ ) ]  

- 2 4 n x / ~  l+--~r +1 .4  (2C,+3Cd), 
(3) 

where Arc = 3 denotes the number  ofcolours,  mz is the 
mass o f  the Z boson, and G u is the muon decay con- 
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stant. The middle factor gives QCD corrections cal- 
culated to second order in the next-to-leading order 
strong coupling constant, as. The last factor de- 
scribes the electroweak coupling of the Z boson to 
quarks: u and c quarks contribute 2cu; d, s and b 
quarks contribute 3Cd. Corrections to eq. (3) due to 
quark-masses and higher-order diagrams involving 
extra photons and gluons are negligible. 

A distribution derived from the decay o f a  Z into a 
quark-antiquark pair, together with a photon ra- 
diated from one of the quarks, has the general form 

dtr(Z--, qdlT) = .~X X ,  (4) 

with 

Y = 2 c u  .Q2 + 3Cd'Q2, (5) 

in the approximation that all quarks are massless. 
Compared with eq. (3),  the electroweak factor, X,  
contains additional weightings of Q2, reflecting the 
fact that the photon couples to fermions in propor- 
tion to their charge squared. The matrix element fac- 
tor, ~ ,  describes the effect of  experimental cuts for 
selecting isolated hard photons, as well as the effects 
of QCD corrections. Matrix elements for one-, two- 
and three-jet production in combination with a pho- 
ton are related to the matrix elements for two-, three- 
and four-jet processes without photons, as described 
in ref. [ 11 ]. Integrating these matrix elements gives 
an expression of the form 

o(:0  ) ~ =  ~ + fl + O ( a s )  2 + O ( a )  2 , (6) 

where fo, f~ denote the leading order (O(c t ) )  and 
next-to-leading order (O (otot~)) contributions. 

An important aspect of  the calculation is the treat- 
ment of  infrared divergences in the matrix elements. 
These are associated with configurations with a soft 
gluon or photon ("soft divergence") and configura- 
tions with a gluon or photon collinear with a quark 
("collinear divergence" ) The divergences due to soft 
and collinear gluons cancel with virtual gluon contri- 
butions for cross-sections defined in terms of suita- 
bly resolved jets, rather than quarks and gluons [ 19 ]. 
We define two partons to be resolved when their 
combined invariant mass exceeds some minimum 
value, x//~, where x/~ is the center-of-mass energy of 
the event. 

Infrared divergences due to soft photons are 

avoided by selecting hard photons; however, diver- 
gences due to photons collinear with soft quarks can 
not be avoided with any reasonable photon isolation 
criteria [ 12-14 ]. Thus, this collinear photon singu- 
larity is an unavoidable feature of  the calculation, re- 
flecting our incomplete knowledge of non-perturba- 
tive contributions [ 12]. In order to make finite 
predictions from perturbation theory, a second pa- 
rameter, 0qy, is added to the calculation [ 12-14 ] in 
addition to the jet resolution, y, and the experimental 
cuts. The parameter 0q~ appears in the calculation as 
a phase-space cut on the minimum angle between a 
quark and a photon, and plays the role of  a factori- 
zation scale between perturbative and non-perturba- 
tive contributions. 

The parameter ors appearing in eq. (6) is a mea- 
sure of  the effective quark-gluon coupling in events 
with an isolated hard photon, including leading-or- 
der gluon corrections. This parameter is difficult to 
relate to experimental determinations of the strong 
coupling constant which are measured in different 
processes and take account of  higher-order gluon cor- 
rections. For the present calculation, oq should be es- 
timated from a comparison of data with a leading- 
order QCD calculation. In the following, we use the 
notation ot~ ~ ) to distinguish the parameter appearing 
in eq. (6) from the next-to-leading order strong cou- 
pling constant. 

Several computer programs have recently been de- 
scribed [ 12-14] for calculatingfo andf l  of  eq. (6). 
These programs all agree on the essential features of 
the matrix elements, and offer similar options for de- 
fining the phase space allowed in a calculation. We 
use the program described in ref. [ 14 ] which is par- 
ticularly suited to our analysis. 

5. Results 

In this section we first compare our previous mea- 
surement of the total isolated hard photon rate with 
the prediction of a matrix-element calculation, and 
then describe a more detailed comparison using three 
distributions, from which we obtain a constraint on 
the quark electroweak couplings. Finally we combine 
our measurement with our previous measurement of 
the total hadronic decay width of the Z, obtaining the 
individual values of  the u- and d-type quark electro- 
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weak couplings, and  the leading-order  strong cou- 
pling constant.  

In our earlier paper  [4] ,  we measured the fraction 
ofhadronic  events with photons isolated by more than 
20 ° from jets  and with energy greater than 5 GeV to 
be 

B R ( Z ~ h a d r o n s +  7) 
= ( 5 . 2 + 0 . 3 + 0 . 4 ) ×  1 0  - 3  , 

BR (Z --. hadrons  ) 

where the first error  is statistical and the second error  
is systematic.  The calculation o f  this quanti ty,  as- 
suming massless quarks and the s tandard  model  cou- 
plings, is considered in detail  in ref. [ 14 ] and yields 

BR (Z--, hadrons  + 7 ) 
= ( 5 . 8 _ 0 . 4 )  × 10 -3 , 

B R (Z ~ hadrons  ) 

where the theoret ical  uncer ta inty  is es t imated by 
varying the collinear photon cut, 0qr, between 10 ° and 
20 °, and the leading-order  strong coupling constant,  
ot~ ~>, between 0.1 and 0.2. Thus we find agreement  
between our  data  and the calculation of  ref. [ 14 ] for 
the overall  rate o f  isolated hard photons.  

In order  to make a more  detai led test of  the agree- 
ment  between the matrix-element calculation and our 
data,  we compare  the dis t r ibut ions  in fig. 1 with the 
theoretical  predict ions  for these distr ibutions.  This  
approach allows us to reduce the uncertainty in the 
theoret ical  predic t ion  by constraining ot~ ~> directly 
from our data. 

We determine  the theoret ical  predict ions  by first 
calculating the coefficientsfo andf~ of  eq. (6)  for each 
bin or each dis tr ibut ion.  These coefficients depend  
on the exper imental  cuts on photon  energy and iso- 
lat ion from jets, as well as the phase-space cuts y and 
0qr [14].  We choose the value y = 5 ×  10 - s  for the 
par ton resolution parameter ,  as a compromise  be- 
tween minimiz ing  recombinat ion  artefacts, and nu- 
merical  efficiency. We choose three values o f  the col- 
l inear-photon cut, 0qr = 10 °, 15 ° and  20 °, to cover a 
range that  reasonably reflects the theoret ical  uncer- 
tainty due to uncalculable non-per turbat ive  effects 
and respects technical  l imita t ions  of  the calculation. 
For  a given value of  the leading-order  strong cou- 
pling, ,~ŝ  < 1 ) , and  the electroweak couplings, cu and Cd, 
we calculate three theoret ical  predict ions  (corre- 
sponding to three values of  0qr) for each bin via  eq. 
(5)  and eq. (6)  with ot=~37. Since the theoret ical  

predictions are determined numerically, they have an 
associated numerical  uncer ta inty  which is typically 
< 1%. At leading order, differences between predic- 
t ions with different values of  0q~ are small ( < 1% of  
the total  ra te)  and only occur for photons with en- 
ergy > 40 GeV that  are isolated by ~ 180 ° from jets; 
at next-to-leading order, differences are larger ( < 10% 
of  the total  ra te)  and most pronounced  for low-en- 
ergy photons (5 -10  GeV)  that  are close to jets  (20 ° -  
30°) .  

For  each value of  0at we determine  both the lead- 
ing-order strong coupling, ot~ t) , and the electroweak 
factor, Y ,  with a s imultaneous chi-square fit to the 
three corrected data  dis t r ibut ions in fig. 1. The fit pa- 
rameters  are almost  independent  of  each other: the 
normal iza t ion  of  the da ta  determines  the electro- 
weak factor and the shape of  the da ta  determines  the 
strong coupling. There is a weak correlat ion between 
the parameters  due to a small dependence o f  the the- 
oretical  normal iza t ion  on ot~ ~) . The fit uses the pro-  
gram M I N U I T  [ 21 ], and takes account of  both  sta- 
t istical and systematic errors in the data,  as well as 
numerical  uncertaint ies  in the theoretical  predict ion.  
Systematic errors in the corrected data  mostly due to 
background subtraction; studies indicate that  these 
errors pr imar i ly  reflect an uncer ta inty  in the normal-  
izat ion of  the background to be subtracted.  In the fit, 
we assume that systematic errors on the corrected data 
are correlated entirely through normal izat ion.  This 
procedure  tends to overest imate  the error on the elec- 
t roweak factor and underes t imate  the error  on the 
leading-order  strong coupling, and is thus conserva- 
t ive from the poin t  view of  de termining the electro- 
weak couplings. Fi t  results are summar ized  in table 
I. Fig. l shows comparisons  of  the f i t ted matrix-ele- 
ment  predict ions  with 0qy= 10 ° and 20 °, to our cor- 
rected data. 

Table 1 
Results of simultaneous chi-square fits to three corrected data 
distributions, using three values of the collinear-photon cutoff 
parameter, 0qr = 10 °, 15 o and 20°. Fit parameters are the electro- 
weak factor, ~ ,  and the leading-order strong coupling constant, 

8qr .~: o~ l ) z2/DF 

10 ° 1.28 - 0.12 0.167 + 0.023 2 4 . 4 / 2 5  

15 ° 1.32+0.13 0.171 +0.025 25.2/25 
20 ° 1.37 + 0.13 0.163 + 0.030 31.9/25 
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In order to assess the effects o f  hadronization on 
the theoretical prediction, we have calculated the 
leading-order coefficients using the central value 
0q~= 15 °, both with and without fragmentation o f  
partons. We fragment partons with the program JET- 
SET 7.3 [22] using parameters tuned to give a good 
overall description o f  hadronic events [ 23 ]. The ef- 
fect o f  fragmentation on the leading-order prediction 
is small compared with the effect o f  the next-to-lead- 
ing order correction. We consider the difference be- 
tween the fitted parameters with and without frag- 
mentat ion as the hadronization uncertainty. 

Our matrix-element calculation assumes that all 
quarks are massless. We have studied the effects of  a 
5 GeV b-quark with the Monte Carlo programs JET- 
SET [22] and H E R W I G  [24],  and with an O(ct)  
matrix-element calculation including mass-terms. 
These indicate that we can account for a massive b- 
quark in the theoretical prediction by using the mass- 
less-quark matrix-element factor combined with a 
modified electroweak factor 

Y = 2 c , ' Q ~  + ( 2 + ¢ ) c a ' Q  2 , (7)  

with ~=0 .8+0 .1 .  The uncertainty in ¢ reflects the 
range in values predicted by different models. 

For a combined result, we average the fitted values 
for different values o f  0qy. We estimate the uncer- 
tainty in the combined result due to the choice of  col- 
linear-photon cut as half  the difference between the 
extreme fitted values. For the constraint on the elec- 
troweak couplings, we make a second estimate as half  
the difference between the extreme values that result 
from fits in which t~ ~) is fixed at 0.167. The two un- 
certainty estimates fro X are 0.04 and 0.07, and we 
conservatively choose the larger, coming from the 
second estimate. Our combined results are 

Jff= 1.32+0.13 (exp.) +0.01 (hadr.)  

+0.07 (col. c u t ) ,  

a~ t ' )  = 0 . 1 6 7 + 0 . 0 3 0  (exp.) +0.022 (hadr.)  

+0.004 (col. c u t ) ,  

where the experimental error is dominated by the un- 
certainty in the normalization of  the data. The linear 
constraint on c, and ca from this combined result is 
shown in fig. 2 as a broad band. 

For a cross-check on the value o f  the leading-order 
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Fig. 2. Linear constraints on the quark electroweak couplings de- 
rived from the total hadronic decay width of the Z (thin band), 
and from theoretical fits to three direct photon distributions (thick 
band). The standard model values of the couplings are shown as 
a solid circle. 

coupling constant, it is useful to compare with an in- 
dependent estimate. We use our measured fraction o f  
hadronic Z decays with a three-jet structure [25 ] to- 
gether with a parameterization o f  the leading-order 
QCD prediction for this quantity [18 ], and find 
Ors ( ' ) = 0.19 which is in agreement with the value ob- 
tained above. 

In ref. [ 8 ] we performed a simultaneous fit to all 
of  our measured cross-section data, to determine the 
Z mass, the total Z width, and the partial widths for 
leptonic and hadronic decays. Assuming lepton uni- 
versality, we obtained m z =  91.181 _+ 0.022 GeV and 
F (Z- - , had rons )=  1742_+ 19 MeV. Including our 
measurements of  the forward-backward asymmetry 
for leptonic Z decays, we also obtained sin2Ow = 
0.227+0.007,  and p~fr= l .000_+ 0.011, within the 
framework of  the standard model. 

Evaluating eq. (3) with our measured values o f m z  
and F ( Z  ~ hadrons) ,  we calculate 

2c, + 3cd = 6.720 + 0.076,  

using the value ors = 0.125 _+ 0.009 from ref. [ 26 ] for 
calculating the QCD corrections, and taking account 
of  parameter correlations. Fig. 2 shows this linear 
constraint on c, and cd as a narrow band. By combin- 
ing this limit from the total hadronic decay width of  
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the Z wi th  the previous  l imi t  f rom fits to our  direct  
pho ton  data,  we ob t a in  

cu = 0 . 9 2 + 0 . 2 2 ,  c a =  1 . 6 3 + 0 . 1 5 ,  

where b -quark  mass  effects are inc luded  a n d  change 
the results by  < 7%. The  error  is d o m i n a t e d  by the 
unce r t a in ty  in  the overall  n o r m a l i z a t i o n  o f  ou r  direct  
pho ton  data.  We calculate the quark  electroweak 
couplings wi th in  the f ramework of  the s tandard  model  
by eva lua t ing  eq. (2 ) .  We ob ta in  

cu = 1.156+__0.014, Ca = 1 . 4 8 6 + 0 . 0 1 5 ,  

tak ing  account  of  pa rame te r  correlat ions.  Thus ,  the 
values  ob ta ined  above are cons is ten t  with s t anda rd  
mode l  predic t ions .  Fig. 2 shows the quark  coupl ings  
calculated with eq. (2 )  as a circle. Ou r  results agree 
with prev ious  m e a s u r e m e n t s  repor ted  in  refs. [3,5 ] 
and  improve  the precis ion.  

6. Conclus ions  

We have compared  our  da ta  on  isolated ha rd  pho-  
tons  p roduced  in had ron ic  Z decays with the predic-  
t ions  o f  a mat r ix  e l emen t  calculat ion.  We f ind  good 
agreement  be tween  our  data  a n d  a next-a- leading or- 
der  ca lcula t ion  in  which the quark  electroweak cou- 
plings are no t  cons t ra ined  to their  s t anda rd  mode l  
values,  f rom which we ob t a in  a l inear  cons t ra in t  on  
the couplings.  We der ive  a second l inear  cons t ra in t  
on  the coupl ings  f rom our  m e a s u r e m e n t  of  the Z had-  
ronic  decay width.  By c o m b i n i n g  these two l imits  we 
de t e rmine  the i nd iv idua l  values  of  the u- a n d  d-type 
quark  electroweak couplings.  Our  f indings  are con-  
s is tent  wi th  s t andard  mode l  predic t ions .  
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