
PRAMANA c
 Indian Academy of Sciences Vol. 55, Nos 1 & 2
— journal of July & August 2000

physics pp. 85–100

Quantum chromodynamics studies at LEP2

SUNANDA BANERJEE
Tata Institute of Fundamental Research, Homi Bhabha Road, Mumbai 400 005, India

Abstract. Several studies have been made to the hadronic final states ine+e� collisions at LEP.
Studies of the annihilation process at LEP2 have given rise to results on jet rate, event shape, heavy
flavour production, inclusive momentum spectra, Bose–Einstein correlation and colour reconnection
effects. Event shape studies have given rise to accurate determination of the strong coupling constant
�s usingO (�2s) with resummed leading and next-to-leading log calculation and also with power law
corrections. Studies of 2-photon processes have yielded results on

 cross-section, heavy flavour
production, photon structure function and
?
? scattering.
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1. Introduction

The four experiments, ALEPH, DELPHI, L3 and OPAL, operating at the large electron
positron collider (LEP) took data at centre of mass energies aroundmZ during 1989–1995.
Since then, LEP has been operating at energies above the threshold ofW +W� production.
At these energies, 2-photon reactions and hadron production through annihilation are the
two most dominant processes. So, these processes will have low background and high
statistics and they can be studied with small systematic error.

On the other hand, these processes will be background to new particle searches andW=Z
pair production studies. One requires a thorough understanding of QCD backgrounds to
make meaningful searches of new phenomena.

Production processes are well defined in these studies. There is hadronic activity only in
the final state. Also, the effect of hadronization decreases with increasing centre of mass
energies. This implies that jets will retain initial parton direction. So the hadronic data at
LEP2 will allow clean test of QCD with minimum assumptions.

2. Annihilation process

There are three sources of data for these studies:

� Data at reduced
p
s0 from hadronicZ decays with an energetic isolated photon (of

energyE
) with typical sample size of a few 1000 events.
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L3 has measurements in 6 energy bins between 30–86 GeV whereas DELPHI has
measurements in 3 energy bins between 32–80 GeV. The dominant background for
these events are due to�0=�0 decays.

� Data from hadronicZ decays at
p
s � mZ where sample size of few 100 K events

exists for each of the four experiments, ALEPH, DELPHI, L3, OPAL. Background
is negligible for these samples.

� High energy data at
p
s = 130, 136, 161, 172, 183, 189, 192–202 GeV coming from

ALEPH, DELPHI, L3, OPAL experiments. The high energy data samples vary from
a few 100’s to a few 1000’s depending on

p
s. These data have substantial back-

grounds due to ISR
 (radiative return toZ) and due toW +W�, ZZ production.

2.1Jet rate

Jets have been reconstructed with different jet algorithms as a function of jet resolution
parameter. Figure 1 shows a comparison of the jet rate for Cambridge algorithm obtained
by the DELPHI collaboration [1] at

p
s = 189 GeV as a function of the jet resolution

parameter with predictions from various parton shower Monte Carlo programs. Jet rates as
a function ofycut are well described by the parton shower approach.

JADE data have been re-analysed [2] in view of improved theoretical understandings.
JADE and OPAL data are now presented in a coherent approach for jet rate studies.
Jet rates as a function of centre of mass energy have been fitted using evolution of� s

ala QCD with the scale fixed at 1 or kept as a parameter in the fit. The optimized

Figure 1. Jet rate as measured by DELPHI at
p
s = 189 GeV using the Cambridge

algorithm as a function of jet resolution parameter.
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Figure 2. Energy evolution of the mean event shape variables,1�T ,BW as measured
by L3 compared with different QCD model predictions

scale does not improve fit quality. So from a study of jet rates, OPAL quote an� s(mZ)
value of0:1181+0:0066

�0:0056.

2.2 Event shape

Several event shape variables have been studied to examine the hadronic event structure in
the high energye+e� data. The variables, event thrust, scaled heavy jet mass,C-parameter,
have been used to describe the longitudinal shower development. On the other hand, the
two jet broadening variables (total and wide) are used to describe the transverse shower
development. All these variables are sensitive to hard gluon emission describing multi-jet
topology.

To make these studies, hadronic events are selected using their characteristic properties:
large visible energy, high multiplicity, etc. To obtain small systematic errors, backgrounds
due to 2-photon, ISR,W +W�=ZZ are actively rejected. The distributions are then cor-
rected for detector effects: resolution, acceptance,� � � using simulated data from parton
shower Monte Carlo programs.

The corrected distributions can be compared to different QCD models tuned with data
at LEP1. The models used by the LEP experiments comprise (1) JETSET using coherent
parton shower for the perturbative QCD part and a string fragmentation; (2) HERWIG with
coherent parton shower and cluster fragmentation; (3) ARIADNE with colour dipole model
and string fragmentation; (4) COJETSwith incoherent parton shower and independent frag-
mentation. All the parton shower models describe LEP2 data well.

Figure 2 shows comparisons of energy evolution of different event shape variables from
L3 [3] with QCD model predictions. The energy dependence arise due to (a) logarithmic
dependence of�s on energy; and (b) fragmentation having a1=Qn dependence. As can
be seen from the figure, all models with parton shower describe energy dependence well.
Matrix element model uses calculations up toO(�2

s) and there the number of partons is
too few. This is compensated by retuning at each centre of mass energy. So one does not
expect the matrix element approach with one point tuning to explain energy evolution.
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2.3Power correction

The energy dependence of moments of the event shape variables can be described as a
sum of the perturbative contribution and a power law dependence due to non-perturbative
contribution [4]. For example, the first moment of an event shape variablef can be written
as

hfi = hfperti + hfpowi;
where the perturbative contributionhfperti can be expressed atO(�2s) as:

hfperti = A
�s(Q)

2�
+ (B +A � (�0 ln�� 2))

�
�s(Q)

2�

�2

;

with A andB being known numbers obtained using ERT matrix elements,� is related to
the renormalization scale (= Q=

p
s) and�0 = (11 �Nc � 2Nf )=3. The power correction

term is given by

hfpowi = cf � P ;
where the termcf depends on the type of event shape variablef . P is supposed to have a
universal form:

P =
4CF

�2
M �Ip

s

�
�0(�I )� �s(

p
s)� �0

�2s(
p
s)

2�

�
ln

p
s

�I
+
K

�0
+ 1

��
;

where�0 is a non-perturbative parameter accounting for contributions to the event shape
below an infrared matching scale�I (= 2 GeV),K = (67/18� �2/6)�CA � 5Nf=9. The
Milan factorM is 1.49 forNf = 3. For the jet broadening variables, there is an additional
shift which can be described as an additional multiplicative factorF toP :

F =

�
�

2
p
a � CF�CMW

+
3

4
� �0

6a CF

+ �0 +O(
p
�s)

�
;

where�0 is�0:6137, a = 1 (2) forBT (BW ) and�CMW, defined as

�CMW = �s

�
1 +K

�s

2�

�
is determined at

p
s � e�3=4.

L3 has carried out fits to the first moments of the five event shape variables.� 0 and�s
are the only free parameters in the fit. The renormalization scale is fixed atQ =

p
s. The

results of the fits are shown in figure 3. The four values of�0 obtained from the four event
shape variables�,BT ,BW andC agree well within errors. The value obtained from1�T
is within2 �� from the other four values. These measurements are in reasonable agreement
with the predicted universality of the power law behaviour. The five estimates of� 0 can
be combined to get an overall�0 of 0.537� 0.069.

L3 has also analysed the second moments in terms of power law corrections. For vari-
ables1� T , � andC, the following result is expected to hold

hf2i = hf2perti + 2hfperti � cfP + O
�

1

Q2

�
:
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This assumes that the non-perturbative correction to the distributions just cause a shift. For
jet broadenings the power corrections are not just a shift and the formula would be more
complicated. One uses fit results from first moments for the first two terms(�s(mZ),
�0(2 GeV)).The remaining term

�
A2=Q

2
�

is obtained from a fit for each variable.A2 is
supposed to be small, but has been found substantial for1� T ,BT ,C.

2.4�s

DELPHI [5] examined 18 event shape variables using 1.5 million hadronicZ decays from
LEP. They fitted the measured distributions toO(�2

s) calculations in a range where theory
can describe data. Oriented distributionsR(y; cos �T ) for several variablesy were fitted
with j cos �T j < 0.84.

If the scale� was fixed to 1, the fit quality was poor and�s values were scattered over a
large region:�s(mZ) = 0.1228� 0.0119. On the other hand, if fits were performed with
�s as well as� as parameters, good fits (�2/d.o.f.� 1) were obtained and the scatter in�s

values was considerably reduced:�s(mZ) = 0.1167� 0.0026. But� varied from 0.0033
(1� T ) to 7.10 (DGeneva

2 ).
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Figure 3. First moments of the event shape variables,1 � T , �, BT , BW , C as
measured by L3 as a function of centre of mass energy with fits to QCD predictions.
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The standard approach to determine�s from event shape distributions is to combine
fixed order calculations with resummed leading and next-to-leading log calculations. An-
alytical calculations exist up toO(�2s):

R(�s; y) �
Z y

0

1

�

d�

dy

=
��s
2�

�
� A(y) +

��s
2�

�2
� [B(y) + 4��0 ln� A(y)]

for event shape variabley(1 � T; �;BT ; BW ; C), whereA, B are obtained using ERT
matrix elements. These calculations describe data well in multi-jet region (largey), but
fail in the two jet region (smally) where multiple soft/collinear gluon emissions become
dominant.

Resummed (to all orders) calculations of leading log(L
P

(�sL)
n with L � (ln 1=y))

and next-to-leading log(
P
(�sL)

n) terms exist for certain variables. These calculations
describe data well at smally values. So if one combines the two calculations taking care
of common terms and fulfilling kinematic constraints aty = ymax, one expects to describe
data well over a wide kinematic region. Hadronization effects are folded in using parton
shower Monte Carlo. These corrections are small at high energies (� 10% at

p
s 'mZ).

The four experiments [1–3,6] use different fit ranges. In particular, L3 uses wider fit
range, probing smally values. Good fits are obtained for all the variables over a wide
range of centre of mass energies by each of these experiments. The measurements from the
4 LEP experiments and at different centre of mass energies have been combined in figure
4. All the measurements are consistent with�s(mZ) = 0:122� 0:004. One should note
that the four experiments use different sets of variables in this� s determination. Parameter
sets for ALEPH, DELPHI, L3 and OPAL are respectively (T , � ln y3, mH , BW , C), (T ,
�), (T , �, BT , BW , C) and (T , y3, �, BT , BW , C).

OPAL [7] examined 5 event shape variables (y23, 1�T ,mH ,BW ,C) in 4.4 M hadronic
Z decays to study flavour dependence in�s. They classify the event sample by quark
flavour (a) using secondary vertex tagging with the help of silicon vertex detector leading
� � 23 %,� � 86% forb events and� � 35 %,� � 96% foru; d; s events; (b) usingD ?

events with a cut on�M = MD��MD0 which gives� � 2 %,� � 55% forc events.
OPAL fits tagged samples to combinations ofuds, c, b components with 3� s taking care
of quark mass effect. They obtain:

�cs=�
uds
s = 0:997� 0:038� 0:030� 0:012;

�bs=�
uds
s = 0:993� 0:008� 0:006� 0:011:

2.5Heavy flavour

DELPHI [8] measured 3- and 4-jet rates in hadronicZ decays with quark flavour tagged
asb-quark or light(u; d; s) quark. Two different tagging methods were used utilizing (a)
signed impact parameter; (b) multiple characteristic variables giving 85% pureuds or b
quark events. ALEPH [9] used flavour tagging in jet rates or event shape variables. Gluon
branching rate depends on quark mass and this dependence has been used in extracting
b-mass at a scale ofmZ . The measurements are summarized in table 1.
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Figure 4. �s measurements by the 4 LEP experiments from global event shape vari-
ables at different centre of mass energies run toQ = mZ .

Table 1. b-quark mass measured at a scale ofmZ from gluon branching rate.

mb(mZ)
(GeV)

�mb (GeV)

Stat. Syst. Had. Theory

ALEPH 3.78 0.14 0.17 0.10 +0:12
�0:13

DELPHI 2.61 0.18 0.04 +0:45
�0:49 0.07

SLD 2.52 0.27 +0:33
�0:47

+0:54
�1:46

These results should be compared withmb(mZ) = 4.20� 0.08 GeV from QCD sum
rule and NNLO in�(1S). One sees the running of quark mass as expected from QCD.

The LEP experiments continue flavour tagging [10] in hadronic data at LEP2. L3 and
DELPHI use vertex tagging to obtainRb andRuds. Figure 5 shows the measurements from
DELPHI at LEP2 energies. The electroweak theory explain the data at all these energies.

Uncertainty in the determination of gluon splitting probability to heavy flavour consti-
tutes the largest systematics inRb andRc determinations. Measurements fromZ data
before 1999 can be summarized as:
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Figure 5. Ratio of flavour tagged to total hadronic cross-section as a function of centre
of mass energy compared with predictions from electroweak theory.

Table 2. Gluon splitting probability measured by the LEP experiments.

L3 ng!c�c

�
2:45 � 0:35 � 0:45 � 3:74(ng!b�b � 0:26)

�
%

OPAL ng!c�c [3:20 � 0:21 � 0:38] %
ng!b�b [0:215 � 0:043 � 0:080] %

DELPHI ng!b�b [0:33 � 0:10 � 0:08] %

ng!c�c = 2:2%;

ng!b�b = 0:2%:

Recent measurements exist from L3, DELPHI and OPAL [11]. L3 looked at 3-jet events.
They identifiedc-quarks in the gluon jet (a) from a study of leptons in the least energetic jet,
(b) by carrying out a neural network analysis with energy flow variables. They obtained
�c = 0.4–4.4% and�b = 1–13%. OPAL made an analysis of 4-jet events and DELPHI
studied 4-b events. The results are summarized in table 2.

ALEPH and L3 [12] looked for the processe+e� ! t�c (�u); t ! bW andW ! f �f 0.
Standard Model expects a cross-section� 10�9 pb for such a process. The search strategy
relied on the facts that top is almost at rest (near threshold) and accompanying light quark
will have little energy. Sob;W from top decay will be almost monochromatic andWb
system will cluster around top mass.W can decay to leptons (missing energy) or to jets
(`�, q�q0 cluster aroundmW ).

L3 examined data at
p
s = 183 GeV and observed 0(1) events in the`� (q�q 0) channel

where background from Standard Model processes is expected to be 0.3 (3.8). They quoted
95% CL upper limit for cross section of the FCNC process of 575 pb (1610 pb).
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Figure 6. Energy evolution of mean charged particle multiplicity compared with pre-
dictions from different QCD models.

From the data at
p
s = 189 GeV, ALEPH observed 2 (16) events in the`� (q�q 0) channel

where background expectation was 1(10.5). The small excess in the data has not been
confirmed with their 1999 data sample where 30 events have been observed with 26.3
events expected from background.

2.6 Inclusive spectra

Figure 6 shows measurements of mean charged particle multiplicity as a function of centre
of mass energy. The data are compared with predictions of various QCD models. Coherent
parton shower models with soft gluon suppression explains energy evolution ofhn chi.
COJETSwith incoherent parton shower predicts too high multiplicity at high

p
s values.

Soft gluon coherence depletes particles at lowxp (� 2p=
p
s) values. This gives rise to

bell like structure in�p (� ln(1=xp)). The�p distribution takes a Gaussian form asymp-
totically. But in MLLA, it can be represented by a skewed Gaussian. Data from different
LEP experiments at various centre of mass energies have been fitted to the skewed Gaus-
sian distribution. The peak positions in the�p distributions (�?) increase with

p
s and QCD

together with LPHD (local hadron parton duality) hypothesis predict a specific energy de-
pendence of�?. The leading log approximation (DLA) gives a poor description of the
energy evolution, whereas MLLA calculation with�e� � 200 MeV describe data well.

2.7 BE correlation and colour reconnection

Bose–Einstein correlation between like sign pions has been observed inZ andW decays
at LEP. There have been considerable studies to examine if such correlations exist among
decay products of twoW ’s. Such final state interaction effect will influence determination
of mW . ALEPH [13] has compared like sign to unlike sign particle pair distribution in the
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processe+e� ! W+W�. BE correlation observed inq�q 0`� mode ofW -production is
well reproduced by MC tuned to BE correlation data at LEP1. There is a better agreement
between data and MC with BE correlation implemented only for�’s of the sameW . Mod-
els with correlation also among�’s of differentW ’s have been found to be disfavoured at
2.7� level.

For the processe+e� ! W+W�, W+ ! q1 �q2, W� ! q3 �q4, each quark pair will
hadronize independently in absence of cross talk. QCD interference causes gluon exchange
between 2 initialq�q0. This will result a change in particle distributions. Comparison of
multiplicities in q�q0`� and 4-quark final states does not show any appreciable difference.
However, this method is not sensitive enough to discriminate colour reconnection.

Recently, L3 [14] has examined energy and particle flow in inter-jet region. One expects,
even with colour reconnection, the jets to correspond to initial quark direction. One uses
topological criteria to order the jets and select 4-jet sample where the association of jets
to theW ’s is unique. In these events, a plane is defined by two jets, particle momenta are
then projected in this plane and the directions of the particles are defined by the angle�
with respect to a reference direction. Figure 7 shows energy and particle flow as a function
of �.

To compare different inter-jet region, the angle� is rescaled with respect to angle be-
tween jets. SinceW -pair events are not coplanar, it is better to use 4 planes rather than 1
defined by adjacent jets and the appropriate plane is chosen for a given particle. Particle
density or energy flow betweenq’s from the sameW are expected to be different from
those from differentW ’s. So if one examines ratios in the two regions, one expects sizable
differences (� 10%) among some of the reconnection models. Data are not yet sensitive
to discriminate models. But one expects to rule out some of the models with final statistics
of LEP data. Asymmetries in energy, particle flow are also found to be suitable for such
studies.
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Figure 7. Energy and particle flow in the 4-jet sample at
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s = 189 GeV compared to

predictions of Standard Model.
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3. 2-Photon processes

Here, one studies associated hadron production with scattered electron and positron. De-
pending on detection of scatterede�, one can look at (a) untagged events (where both the
photons are almost on shell); (b) single tag events (with one real and one highly virtual
photon); (c) double tag events (where both the photons are highly virtual). Recent mea-
surements exist on

 total cross section, inclusivec andb production and jet production
in the untagged sample; on photon structure function in the single tag sample and on
 ?
?

cross section in the double tag sample.

3.1 

 Total cross-section

The visible centre of mass energy of the hadronic system(Wvis) is always smaller than the
true centre of mass energy(W

) and one has to use unfolding methods with Monte Carlo
samples to convert measuredWvis toW

 . This unfolding depends critically on the Monte
Carlo model used and one finds the two models PHOJET and PYTHIA agree at 20–30%
level.

L3 and OPAL [15] used unfoldedW

 to determine experimentally measured cross-
section�(e+e� ! e+e�+ hadrons) and observed that�eeh increases with increasing
Ebeam and decreasingW

 . The effect of

 luminosity has been taken out using

d�eeh
d(W 2



=s)
=

Z
dQ2

Q2

dP 2

P 2

X
a;b=T;S

Lab�

ab (W

 ; P
2; Q2)

�



ab (W

 ; P

2; Q2) = Fa(Q
2)Fb(P

2)�

ab (W

);

where the summation is over all photon helicity states. One can then extract� 

 taking
care of
 form factors.

Figure 8 shows the measurements of cross-section using two different generators for
energy unfolding. The measurements from L3 and OPAL are compatible if the same gen-
erator is used in unfolding but there is significant difference between the two generators
PHOJET and PYTHIA . Both the experiments show clear rising cross-section with energy.
At highW

 , Pomeron exchange dominates and one expects an energy dependence [16]:

�tot = A � s� + B � s��:
Fixing � = 0.34 (as obtained from a fit to all hadronic� tot), one gets� value of0:22�0:02,
which is7� different from the universal fit (� = 0:095�0:002). This indicates a contribution
of an additional Pomeron term with�soft(0)� 1.08 and�hard(0)� 1.4. Other approaches
like (a) smooth suppression of hadron-like and point-like
 interaction, (b) dual parton
model with unitarization constraint, (c) mini-jet model using QCD to calculate number of
hard collisions, can also explain this behaviour.

3.2Heavy flavour production

Cross-section for heavy flavour production in

 processes are calculable in perturbative
QCD. Measurements exist for charm pair production [17] from ALEPH (usingD ?� tag),
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Figure 8. Measured�

 as a function of centre of mass energy compared to various
models.

L3 (usingD?� and highp? lepton tag) and OPAL (usingD?� tag). L3 also quotes the
first measurement ofb�b production:

�b�b = 9:9 � 2:9 (stat) � 3:8 (syst) pb:

One finds�(e+e� ! e+e�c�c +X) increases with
p
s and the direct process is insuf-

ficient to describe data. Thus, it provides evidence of gluon component in photon. Dif-
ferential distributions(pD

?

?
=Wvis; x
 ; : : :) have better discrimination between direct and

resolved process and these distributions have been used by OPAL to demonstrate inade-
quacy of direct process alone.

3.3 Di-jet production

OPAL [18] has studied jet production in 2-photon process. They separate direct and re-
solved processes in two jet sample using

x�
 =

P
jet(E � pz)P
had(E � pz)

:

The direct process due to quark exchange (x�
 < 0.8) is well separated from the resolved
process due to gluon exchange (x�
 > 0.8). The measurements of jet angular distributions
of these two components agree well with NLO QCD calculations.

3.4
 Structure function

The four LEP experiments [19] use single tag data to measure photon structure function
over a wide kinematic region. One expects quark constituents to be dominant at largex
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and gluon constituents to be dominant at smallx. Data from the 4 experiments coverQ 2

from 1 to 3000 GeV2 andx down to 0.001, as can be seen from table 3.
One needs unfolding to take care ofWvis ! W

 and the effect of virtuality of the

photon. Good agreement is observed among the four experiments, but there is a need
for better MC’s. At the lowQ2 region, one finds the SAS-1d model [20] with evolution
starting atQ2

0 = 0.36 GeV2 lying below data and the GRV model [21] with evolution
starting atQ2

0 = 0.25 GeV2 can describe the lowx region better. At mediumQ2, difference
among models are small and data are in agreement with models. At highQ 2, quark parton
model is found to be insufficient to describe data belowx < 0.3, whereas the leading order
calculations of GRV model and those of SAS-1d model agree well with data.

Figure 9 showsF 

2 measured at 3 differentx regions as a function ofQ2. One finds

the lnQ2 evolution ofF 

2 to be well established. At highx region, all QCD models agree

among themselves and with data. At lowx, these models diverge and a better agreement
with data is required.

3.5 
?
?

In double tag events, both
’s are virtual. BFKL diagram [22] is predicted to be dominant

in 
?
? collision fory = ln
�
W 2


?
?=
p
Q2P 2

�
>> 1. In leading order approximation

�
?
? = �0
�
Q2; Y

�� s

s0

��P�1

= �0
�
Q2; Y

�
exp [Y � (�P � 1)]

with �P � 1 = 4 ln(2Nc�s=�). UsingNc = 3, �s = 0:2, one expects�P � 1 � 0.53.
Next to leading order calculations give�P � 1 � 0.175.

Table 3. Kinematic region of data used by the 4 LEP experiments to study
 structure
function.

p
s (GeV) �Tag (mrad) Q2 (GeV2) x

ALEPH 91 65–150 6–44 0.005–0.90
91 318–927 35–3000 0.03–0.97
183 35–155 7–200 0.003–0.97

DELPHI 91 43–135 4–30 0.005–0.977
161,: : : , 189 42–610 10–1000 0.01–0.8

L3 91 26–66 1.2–9 0.002–0.2
91 200–600 40–500 0.05–0.98
183 30–66 9–30 0.01–0.3

OPAL 91 27–55 1.1–6.6 0.0025–0.2
161, 172 33–120 6–100 0.02–0.6
91, 189 25–60 1.5–30 0.001–0.32
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Figure 9. Q2 evolution ofF

2 measured at 3 differentx regions compared to model

calculations.

L3 and OPAL [23] reported measurements of
 ?
? cross-sections. OPAL had 44 events
from 189 GeV data withhQ2i = 17 GeV2 for 2 < Y < 6, Ee > 33 GeV, 34< �e < 55
mrad,W

 > 5 GeV. L3 reported 37, 34, 108 events from their 91, 183 and 189 GeV data
corresponding tohQ2i of 3.5, 14 and 14.5 GeV2 respectively. The measured cross-sections
andY distributions demonstrate that (a) direct process is insufficient to explain the data,
(b) Monte Carlo predictions of TWOGAM and PHOJET agree well with the data at large
Q2, (c) the measured cross section requires�P � 1 which is smaller than expectation from
leading order BFKL calculation but larger than NLO calculation. The� 2/d.o.f. for the two
fits are 263/10 and 21/10 for LO and NLO calculations respectively.

4. Summary

e+e� annihilation data to hadrons in the high energy LEP runs have given rise to many
tests to QCD

� QCD models which include soft gluon coherence effects are in good agreement with
the data.

� The accuracy in the extraction of�s is reaching its limits. All�s values extracted
from event shape distributions are consistent with�s(mZ) = 0.122� 0.004.

� Substantial progress has been made in understanding the power correction to the
perturbative component for event shape variables. This could eventually lead to a
precise determination of�s.

� LEP data has been used in measuring running mass of heavy quark, gluon splitting
probabilities,: : :.

� One begins to understand QCD effects inW -mass measurement.

LEP is providing excellent results in the field of 2-photon physics
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� Evidence of gluon component in photon is observed.
� QCD is being tested in the hadronic photon structure function.
� BFKL is inadequate in explaining
?
? cross-section.

One requires more theoretical works to match good precision of the data.
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