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Abstract

We report on a comparison of isolated hard photon production in hadronic Z
decays with the predictions of a next-to-leading order matrix-element calculation.
We constrain the quark electroweak couplings to the 7 boson with a simultaneous
fit to three direct photon distributions, and combine this result with an independent
constraint from our measurement of the total hadronic width of the Z, obtaining
co = 0.92 + 0.22 and cg = 1.63 + 0.15 where ¢ya = 4(3% + 94 )ua Our results are
consistent with Standard Model predictions.
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Introduction

Isolated hard photons (direct photons) produced in hadronic Z decays are mainly associated
with radiation 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 coupling constants, c,q = 4(9% + 4 )ua » where the subscripts u and d denote
charge +2/3 (u-type) and charge —1 /3 (d-type) quarks respectively. These couplings contribute
only to the overall rate of a process involving 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-antiquark pair. The linear combination
of couplings that appears in the expression for the total hadronic decay width of the Z is already
well-constrained experimentally [6-10]. New measurements of isolated hard photons in hadronic
events offer the possibility to determine a different linear constraint that, when combined 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 isolated hard photons to the electroweak
coupling factor that appears in the cross-section, we must first calculate the factor in the
cross-section that does not depend on the couplings. This factor can be expressed as a phase-
space integral of appropriate matrix elements, 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 calculation that were not considered in ref, [11].

We report here on a comparison of our direct photon data, already presented in ref. [4],
with the predictions of a QCD matrix-element calculation at O(a o). 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 the total hadronic decay width
of the Z [8], obtain the individual values of the u- and d-type quark electroweak couplings.

The L3 Detector

The L3 detector[15] consists of a central tracking chamber, a high resolution electromagnetic
calorimeter 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 calorimeter amounts to less than 10% of a
radiation length. The energy resolution for electrons and photons 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.



Data Analysis

The data analysis relevant to this paper has been previously described in ref. [4]. We briefly
summarize 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 interference 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 selected from the barrel region of the elec-
tromagnetic calorimeter, covering the polar angles 45° — 135°, where the contribution from
initial-state photons is minimal. Photon candidates are defined as clusters in the electromag-
netic calorimeter that have an energy 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 reconstructed from the hadronic part
of the event (excluding the photon candidate) using the JADE algorithm[16] with the parame-
ter Yo = 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 addition 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 of energy
deposition in the electromagnetic calorimeter. We subtract the remaining high-energy neutral
hadron and 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 calculated as the ratio of the
number of 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
energy, the angle between photons and the nearest jet, and the transverse energy of photons
with respect to the event thrust axis.

Theoretical Predictions

In the Standard Model, the interaction of a fermion, f, with a Z boson proceeds via vector and
axial neutral currents, with effective coupling constants gy and g, . We formulate our results
in terms of the combined effective coupling

a=4(3%+794), - (1)

In the improved Born approximation ¢ is related to the charge of the fermion, @, via[l7]
s 22
o= pur |1+ (14 1Qel sinBw)| (2)

where B is the effective weak mixing angle and pes ~ 1 includes electroweak corrections. The
decay of a Z boson into quark-antiquark pairs is then described by two combined coupling
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constants: one for u-type quarks (¢,) with @, = +2/3, and one for d-type quarks (cq) with
Qa = —1/3.
The total hadronic decay width of the Z is given in the improved Born approximation by|[18]

— Ncm%Gu Qg as)2

where N, = 3 denotes the number of colours, mjz is the mass of the Z boson, and G, is the
muon decay constant. The middle factor gives QCD corrections calculated to second order in
the next-to-leading order strong coupling constant, a,. The last factor describes the electroweak
coupling of the Z boson to quarks: u and ¢ quarks contribute 2 ¢,; d, s, and b quarks contribute
3 ca. 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 of a Z into a quark-antiquark pair, together with a
photon radiated from one of the quarks, has the general form

do(Z — q@7) = F x N, (4)

with
N=2c, Qo +3ca-Qa?, ()

in the approximation that all quarks are massless. Compared with eq. (3), the electroweak
factor, A, contains additional weightings of Q?, reflecting the fact that the photon couples
to fermions in proportion to their charge squared. The matrix element factor, F, 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 photon 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

F = % (fo + 2“—;;‘1 + O(as)z) + O(a)?, (6)

where fo, fi denote the leading order (O(a)) and next-to-leading order (O(a a,)) contributions.

An important aspect of the calculation is the treatment of infrared divergences in the matrix
elements. These are associated with configurations with a soft gluon or photon (‘soft diver-
gence’) and configurations with a gluon or photon collinear with a quark (‘collinear divergence’).
The divergences due to soft and collinear gluons cancel with virtual gluon contributions for
cross-sections defined in terms of suitably resolved jets, rather than quarks and gluons[19]). We
define two partons to be resolved when their combined invariant mass exceeds some minimum
value, ,/y3, where /s is the center-of-mass energy of the event.

Infrared divergences due to soft photons are avoided by selecting hard photons; however,
divergences due to photons collinear with soft quarks can not be avoided with any reason-
able photon isolation criteria[12-14). Thus, this collinear photon singularity is an unavoidable
feature of the calculation, reflecting our incomplete knowledge of non-perturbative contribu-
tions[12]. In order to make finite predictions from perturbation theory, a second parameter,
fqv, is added to the calculation[12-14] in addition to the jet resolution, y, and the experimental
cuts. The parameter 6, 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 factorization scale between perturbative
and non-perturbative contributions.

The parameter o, appearing in eq. (6) is a measure of the effective quark-gluon coupling in
events with an isolated hard photon, including leading-order gluon corrections. This parameter
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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 corrections. For the
present calculation, o, should be estimated from a comparison of data with a leading-order
QCD calculation. In the following, we use the notation oV to distinguish the parameter
appearing in eq. (6) from the next-to-leading order strong coupling constant.

Several computer programs have recently been described[12-14,20] for calculating f, and
fi of eq. (6). These programs all agree on the essential features of the matrix elements, and
offer similar options for defining the phase space allowed in a calculation. We use the program
described in ref. {14] which is particularly suited to our analysis.

Results

In this section we first compare our previous measurement 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 elec-
troweak 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 electroweak couplings, and the leading-order strong coupling constant.

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

BR(Z — hadrons + 4)/BR(Z — hadrons) = (5.2 £ 0.3 £ 0.4) x 10~* ,

where the first error is statistical and the second error is systematic. The calculation of this
quantity, assuming massless quarks and the Standard Model couplings, is considered in detail
in ref. [14] and yields

BR(Z — hadrons + v)/BR(Z — hadrons) = (5.8 4 0.4) x 1072 ,

where the theoretical uncertainty is estimated by varying the collinear photon cut, B4, between
10° and 20°, and the leading-order strong coupling constant, af!), between 0.1 and 0.2. Thus we
find agreement between our data and the calculation of ref. [14] for the overall rate of isolated
hard photons.

In order to make a more detailed test of the agreement between the matrix-element cal-
culation and our data, we compare the distributions in fig. 1 with the theoretical predictions
for these distributions. This approach allows us to reduce the uncertainty in the theoretical
prediction by constraining af!) directly from our data.

We determine the theoretical predictions by first calculating the coefficients f, and f; of
eq. (6) for each bin of each distribution. These coefficients depend on the experimental cuts on
photon energy and isolation from jets, as well as the phase-space cuts y and 8,,[14]. We choose
the value y = 5x107° for the parton resolution parameter, as a compromise between minimizing
recombination artefacts, and numerical efficiency. We choose three values of the collinear-
photon cut, 8, = 10°, 15°, and 20°, to cover a range that reasonably reflects the theoretical
uncertainty due to uncalculable non-perturbative effects and respects technical limitations of
the calculation. For a given value of the leading-order strong coupling, a{!), and the electroweak
couplings, cy and cq, we calculate three theoretical predictions (corresponding to three values
of 84,) for each bin via eq. (5) and eq. (6) with a = 1/137. Since the theoretical predictions
are determined numerically, they have an associated numerical uncertainty which is typically
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< 1%. At leading order, differences between predictions with different values of 8y are small
(< 1% of the total rate) and only occur for photons with energy > 40 GeV that are isolated by
~ 180° from jets; at next-to-leading order, differences are larger (< 10% of the total rate) and
most pronounced for low-energy photons (5-10 GeV) that are close to jets (20°-30°).

For each value of 8., we determine both the leading-order strong coupling, oY), and the elec-
troweak factor, A, with a simultaneous chi-square fit to the three corrected data distributions
in fig. 1. The fit parameters are almost independent of each other: the normalization of the data
determines the electroweak factor and the shape of the data determines the strong coupling.
There is a weak correlation between the parameters due to a small dependence of the theoret-
ical normalization on a{!). The fi; uses the program MINUIT[21], and takes account of both
statistical and systematic errors in the data, as well as numerical uncertainties in the theoretical
prediction. Systematic errors in the corrected data are mostly due to background subtraction;
studies indicate that these errors primarily reflect an uncertainty in the normalization of the
background to be subtracted. In the fit, we assume that systematic errors on the corrected data
are correlated entirely through normalization. This procedure tends to overestimate the error
on the electroweak factor and underestimate the error on the leading-order strong coupling, and
is thus conservative from the point of view of determining the electroweak couplings. Fit results
are summarized in table 1. Fig. 1 shows comparisons of the fitted matrix-element predictions
with 8., = 10° and 20°, to our corrected data.

by N o xi/DF
10° 1.28+0.12 0.167+0.023 24.4/25
15 1324013 0.171+0025 25.2/25
20° 1.37+0.13 0.163+0.030 31.9/25

Table 1: Results of simultaneous chi-square fits to three corrected data distributions, using three
values of the collinear-photon cutoff parameter, 6,, = 10°, 15°, and 20°. Fit parameters are the
electroweak factor, A/, and the leading-order strong coupling constant, all),

In order to assess the effects of hadronization on the theoretical prediction, we have calcu-
lated the leading-order coefficients using the central value 8, = 15°, both with and without
fragmentation of partons. We fragment partons with the program JETSET 7.3[22] using pa-
rameters tuned to give a good overall description of hadronic events[23]. The effect of fragmen-
tation on the leading-order prediction is small compared with the effect of the next-to-leading
order correction. We consider the difference between the fitted parameters with and without
fragmentation 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 JETSET[22] and HERWIG[24],
and with an O(a) matrix-element calculation including mass-terms. These indicate that we
can account for a massive b-quark in the theoretical prediction by using the massless-quark
matrix-element factor combined with a modified electroweak factor

N=2cu-Qu2+(2+e)cc1'Qd2, (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 of f,,. We estimate
the uncertainty in the combined result due to the choice of collinear-photon cut as half the
difference between the extreme fitted values. For the constraint on the electroweak couplings,
we make a second estimate as half the difference between the extreme values that result from
fits in which af!) is fixed at 0.167. The two uncertainty estimates for A" are 0.04 and 0.07, and
we conservatively choose the larger, coming from the second estimate. Our combined results
are

N = 1.32 £ 0.13(exp) & 0.01(hadr) =+ 0.07(col.cut)
ol = 0.167 £ 0.030(exp) + 0.022(hadr) £ 0.004(col.cut) ,

where the experimental error is dominated by the uncertainty in the normalization of the data.
The linear constraint on ¢y and ¢g from this combined result is shown in fig. 2 as a broad band.

For a cross-check on the value of the leading-order strong coupling constant, it is useful to
compare with an independent estimate. We use our measured fraction of hadronic Z decays with
a three-jet structure[25] together with a parameterization of the leading-order QCD prediction
for this quantity[18], and find af!) = 0.19 which is in agreement with the value obtained 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 universality, we obtained mz = 91.181 £ 0.022 GeV and ['(Z —
hadrons) = 1742 + 19 MéeV. Including our measurements of the forward-backward asymmetry
for leptonic Z decays, we also obtained sin®fw = 0.227 £0.007, and ps = 1.000 £0.011, within
the framework of the Standard Model.

Evaluating eq. (3) with our measured values of mz and I'(Z — hadrons), we calculate

e + 3ca = 6.720 £ 0.076 ,

using the value o, = 0.12540.009 from ref. {26] for calculating the QCD corrections, and taking
account of parameter correlations. Fig. 2 shows this linear constraint on ¢, and cq as a narrow
band. By combining this limit from the total hadronic decay width of the Z with the previous
limit from fits to our direct photon data, we obtain

c,=092+022 |, ¢q=1631+0.15,

where b-quark mass effects are included and change the results by < 7%. The error is dominated
by the uncertainty in the overall normalization of our direct photon data. We calculate the
quark electroweak couplings within the framework of the Standard Model by evaluating eq. (2).
We obtain

co = 1.156 £ 0.014 , cq=1.4861+0.015,

taking account of parameter correlations. Thus, the values obtained above are consistent with
Standard Model predictions. Fig. 2 shows the quark couplings calculated with eq. (2) as a
circle. Our results agree with previous measurements reported in refs. 3, 5].

Conclusions

We have compared our data on isolated hard photons produced in hadronic Z decays with the
predictions of a matrix element calculation. We find good agreement between our data and a
next-to-leading order calculation in which the quark electroweak couplings are not constrained

7



to their Standard Model values, from which we obtain a linear constraint on the couplings. We
derive a second linear constraint on the couplings from our measurement of the Z hadronic decay
width. By combining these two limits we determine the individual values of the u- and d-type
quark electroweak couplings. Our findings are consistent with Standard Model predictions.
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Figure Captions

Fig. 1

Fig. 2

Distributions of (a) the final state photon energy, (b) the angle between photons and the
neatest 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 matrix-element (M. E.) calculation
with 8, = 10° and 20° are shown as dashed and solid histograms respectively, with fitted
values of A and a{), as given in table 1.

Linear constraints on the quark electroweak couplings derived from the total hadronic
decay width of the Z (thin band), and from theoretical fits to three direct photon distri-
butions (thick band). The Standard Model values of the couplings are shown as a solid
circle.
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u-Type Quark Coupling
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