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Latest QCD results from LEP

1 Quark and gluon jet fragmentation
functions
(OPAL)

2 Unbiasedgluon jets, with the \jet boost"
algorithm
(OPAL)

3 Coherence soft particle production in
three-jet events
(DELPHI)

4 � s from eventshapes
(LEP combined,with new publishedinput from

ALEPH and L3)
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Scaling violations of quark and gluon
jet fragmentation functions

De�ne the fragmentationfunction

Da =
1

N jet(Q)
dNp(xE ; Q)

dxE

for a parton a fragmenting into hadrons with the
momentumfractionsxE = Ehadron=Ejet.

Severalwaysto identify jets in e+ e� ! q�q(g) events:

� Biasedjets (usingDurhamjet-�nder to select3-jet
events):

{ b-tagging(neuralnetwork) ) samplesenriched
in udsc, b and gluon jets.

{ Energy-ordering ) samplesenrichedin quark
and gluon jets.

� Unbiasedquark jets, de�ned by hemispheresof
inclusivehadronicevents:

{ b-tagging) unbiasedudscand b jets

� Unbiased gluon jets, using the \jet boost"
algorithm
(NB previousmeasurementshavebeenpublishedusingother
algorithms)

Canmeasurefragmentationfunctions in all cases.
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Fragmentation functions (contd.)

� NLO predictions exist for Q-dependence of
quark and gluon fragmentation functions, but
not explicitly for xE -dependence(predictionsare
basedon �ts to data).

� All theory predictionsare basedon unbiasedjets
(not dependenton choiceof jet-�nder).

� Must chooseappropriate energyscalefor eachjet
whencomparing with theory:

{ Q =
p

s=2 for unbiasedquark jets

{ Qjet = E jet sin(� =2) for biasedjets, where� is
the angleto the nearest jet.

� Measurementsallow comparisonsbetween:

{ Data and theory
{ Data and MC
{ Biasedand unbiasedjets
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Scale dependence of quark jet fragmentation functions

udscquark jets b quark jets
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Scale dependence of quark/gluon jet fragmentation functions

Flavour-inclusivequark jets Gluonjets
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x E dependence of quark jet fragmentation functions

udscquark jets b quark jets
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x E dependence of quark/gluon jet fragmentation functions

Flavour-inclusivequark jets Gluonjets
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Fragmentation functions (contd.)

Conclusionsfrom latest OPAL results:

� Good agreementbetweenbiasedand unbiasedjet
measurements,suggestingQjet = E jet sin(� =2) is
a suitablescalefor biasedmeasurements.

� Good agreementwith previousOPAL andDELPHI
measurements,whereavailable.

� Scalingviolation(Q-dependence)ispositiveat low
xE and negativeat high xE for all fragmentation
functions.

� All theory predictions in good agreementwith
data for the light quark jets. Poorer agreement
for gluon and b-quark jets, especially at low and
high xE .

� Good agreementbetweendata andMC, exceptat
high xE and smallQ.
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Unbiased gluon jets with the
jet boost algorithm

� The jet boost algorithm (Ed�en & Gustafson,
1998) proposes a way to relate gluon jets in
q�qg eventsto the hemispheresof a gg system.
) unbiasedgluon jets

(a) decompose the q�qg system into two colour
dipoles:
qg and �qg

(b) boost eachdipole into a back-to-backframe

(c) re-combinethe two componentsof the gluon
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Figure 2: (a) A symmetric three-jet qqg event in which the angle� = 2� betweenthe quark and
gluon jets is the sameas the anglebetweenthe antiquark and gluon jets. In the QCD dipole
model, the qqg event consistsof two independent color dipoles. (b) Each of the dipoles can
be independently boostedto a back-to-back frame. (c) The dipolesin the back-to-back frames
can be combined to yield an event with the color structure of a gluon-gluon event in a color
singlet. Note that the combined quark-antiquark jet systemin e+ e� ! qqg events hasthe color
structure of a gluon jet.

the transversemomentum of a gluon jet in a qqg event is de�ned by [11]

p? ; gluon =
1
2

r
sqgsqg

s
; (2)

where sij (i; j = q; q; g) is the invariant masssquaredof the ij pair, and s= E 2
c:m: with Ec:m:

the event energyin the c.m. frame. Thus eq. (2) de�nes the virtualit y scaleof gluon jets in the
qqg events. An experimental demonstration that p? ; gluon is an appropriate scalefor gluon jets
in qqg events is presented in [12].

For a gluon jet to be unbiased, its properties should be independent of the jet resolution
scale(s).In [13] it is noted that independencefrom the resolutionscalesimplies that the energy
and virtualit y scalesare the same:

E �
g = p? ; gluon : (3)

The boost algorithm prescription for identifying an unbiasedgluon jet is then as follows [13].
Three-jet events are de�ned usinga transversemomentum basedjet algorithm. The resolution
parameter of the algorithm is adjusted for every event so that exactly three jets are recon-
structed. After identi�cation of the gluon jet using standard experimental techniques(seee.g.
Sect.4), the event is boostedto the symmetric frame in which the anglebetweenthe gluon and
quark jets is the sameas the angle between the gluon and antiquark jets, as in Fig. 2a. The
algebraof this boost is uniquely speci�ed by the requirement of eq. (3) (seeAppendix A.2). In
the symmetric frame, the unbiasedgluon jet is de�ned by all particles in a coneof half angle
� = � =2 around the gluon jet direction, where� is the anglebetweenthe gluon jet and the other
two jets (cf. Fig. 2a and the discussionabove). The energyof the unbiasedjet, E �

g , is given by
eqs.(2) and (3).

7

� Use HERWIG to compare boost algorithm with
`real' gg hemispheres:good agreementfound for
jet multiplicities and fragmentationfunctions.

) can compare experimentalmeasurementswith
pQCD predictions.
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Unbiased gluon jets (contd.)

OPAL have measuredproperties of unbiasedgluon
jets usingthe jet boost algorithm, with LEP1 data.

For example:

� Scale-dependence of mean charged particle
multiplicity:
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� Fragmentationfunctions(at E �
jet = 14:24; 17:72GeV):
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Coherent soft particle production in
e+ e� ! Z0 ! q�qg events

� Interference is fundamental to all quantum-
mechanicalgaugetheories, includingQCD.

� Interference is built into the standard shower
evolution/fragmentationmodels...

However, incoherent models with many tunable
parameterscan alsodescribe the data.

) needa direct test for the coherencee�ects.

� Consider low-energy hadrons emitted at
large angle. They cannot be assigned
to a speci�c jet, so must treat them
as coherent emissions from multiple jets.

PSfrag replacements
q

q
�q

g

hadron

hadron
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Coherent soft particle production (contd.)

� QCD theory prediction at leadingorder:

d� 3 =
1
4

CA

CF

�
cqg+ c�qg �

1
N 2

c

cq�q
�

d� 2

where

d� 2 = cross section for soft gluon emission
perpendicular to axisof q�q event

d� 3 = cross section for soft gluon emission
perpendicular to planeof q�qg event
bij = 2sin2(� ij =2), where � ij is the opening
anglebetweentwo jets (antennafunction)

� The
1

N 2
c

cq�q term is responsible for destructive

interferencee�ects.

� Experimentalmeasurements)

{ Test theory prediction
{ Verify coherencee�ect
{ Measurethe slope, correspondingto CA =CF at

leadingorder.
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Coherent soft particle production (contd.)

DELPHI resultsusethe angular orderedDurham jet
algorithm, with ycut = 0:015 applied to hadronic
eventsat

p
s = 91 GeV.

� Compare multiplicities in cones of angle 30�

perpendicular to (i) q�qg plane in 3-jet events,
and (ii) q�q axis in 2-jet events.

� Fit multiplicity ratios to the destructive
interferenceterm k 1

N 2
c

cq�q, wherek = 1 is the fully
coherentLO prediction,andk = 0 correspondsto
no destructiveinterference:

k = 1:37� 0:05 (stat.) � 0:33 (syst.)

[� 2=dof = 1:2]

� Measureslope, correspondingto CA =CF at LO
(c.f. QCD valueCA =CF = 2:25):

CA

CF
= 2:211� 0:014 (stat.) � 0:053 (syst.)

[� 2=dof = 1:3]
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Coherent soft particle production (contd.)

DELPHI resultsstronglyfavour the theory prediction
with full coherenceincluded:

Figure 1: Multiplicit y in conesof 30� opening angleperpendicular to the three-jet event
plane as function of the opening angles� 2; � 3. The inner error bars are statistical, the
outer also include systematic uncertainties (seetext). The full line is the expectation
deducedfrom Equation 1 using N2 from Table 5. For the dashedline the interference
term in Equation 1 (/ 1=N 2

c ) hasbeenomitted.

6
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Combined LEP measurement of
� s(M Z ) from event shape observables

� De�ne 6 standard event shape observables,in
eventsof the type e+ e� ! Z= ! hadrons:

T { Thrust
M H { Heavyjet mass
B T { Total jet broadening

B W { Wide jet broadening
C { C -parameter

y23 { Durham 2{3 jet transition

� Observablesdescribe the inclusive geometry of
the hadronic �nal state. No need for explicit
jet-�nding or particle identi�cation.

� All 6 observablesare infrared-safe, i.e. invariant
under soft or collinear gluon emission, and
relativelyinsensitiveto non-perturbativephysics

) ideal test for hard interactionsin pQCD.

� Example:Thrust (T):
Thrust axis,n̂ T , is chosento maximizethe sumof absolute
momentumcomponentsfor all observedparticles projected
alongthat axis.

T = max
n̂

���

i j p i � n̂ j
�

i j p i j �
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� s(M Z ) from event shapes (contd.)

� 2 perturbative theory predictions for each event
shape distribution, parameterisedin terms of � s:

{ O(� 2
s) calculationusingmatrix elements:

best availableprediction for multi-jet events

{ NLLA calculation, resumming logarithmically
enhancedterms to all ordersin � s:
best availableprediction for 2-jet region

Combinecalculationsusinglog(R) matchingscheme

) prediction for wide rangeof eachobservable.

� UseMC modelsto correct perturbative theory to
hadronlevel

NB some analysesuse power correction models
instead. Use only MC here, in the interests of
consistencybetweenexperiments

� Fit theory to experimentaldistributions

) measure� s

� Final measurementsnow availableat all energies
from ALEPH, DELPHI and L3, including re-
analysisof older data with improved theory and
MC.

FinalOPAL measurementsexpectedsummer2004.

Matthew Ford Moriond Electroweak, La Thuile, Italy, 22nd March 2004 17



� s(M Z ) from event shapes (contd.)

� Combine all available LEP � s measurements,
usingconsistenttheory predictions:

p
s T M H BW BT C y23

91.2 ADLO ADLO ADLO ADLO ADL A O
133.0 ADLO ADLO A LO A LO A L A O
161.0 ADLO ADLO A LO A LO A L A O
172.0 ADLO ADLO A LO A LO A LO A O
183.0 ADLO ADLO ADLO ADLO ADLO A O
189.0 ADLO ADLO ADLO ADLO ADLO A O
200.0 ADLO ADLO ADLO ADLO ADLO A O
206.0 ADLO ADLO ADLO ADLO ADLO A O

(A=ALEPH, D=DELPHI, L=L3, O=OPAL)

� Form covariance matrix between measurements
from all variables, experimentsand energies:

Vij = V stat :
ij + V exp :

ij + V had :
ij + V theo :

ij

Four uncertainty contributions (statistical,
experimental, hadronisation and theory) have
di�erent correlationsbetweenmeasurements.

� After running all input measurementsto the Z0

scale, the least-squares �t for � s is a linear
combinationof the inputs:

�̂ s =
X

i

wi (� s) i ; with weights wi =

P
j V � 1

ijP
j k V � 1

j k
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� s(M Z ) from event shapes (contd.)

� Harmonizeuncertaintieswherepossible:

� stat.: Usevaluesquotedby experiments

� exp.: Average the values quoted by di�erent
experiments

� hadr.: Take standard deviation of results quoted for
PYTHIA, HERWIG and ARIADNE for each
input.

) then �t the form � hadr. = Ay=Q + By for
eachobservabley.

� theo.: Re-evaluateindependently, using\uncertainty band"
method. Vary several arbitrary parameters
of the theory (not only the renormalisation
scale� ).

More details in hep-ph/0312016

� Treat hadronisationand theory uncertaintiesas
uncorrelated when calculating the weights wi

(otherwisewe havelarge negativeweights
) unstablecombination).

BUT include 100% correlation when calculating
the hadronisationand theory uncertaintiesof our
combined� s(M Z ).

This approach gives a stable �t... but does
not always minimisethe total uncertainty of the
combinedmeasurement.
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� s(M Z ) from event shapes (contd.)

� Complete� s(M Z ) combination:

� s(M Z ) = 0:1202� 0:0003(stat.) � 0:0009(exp.)
� 0:0013(hadr.) � 0:0047(theo.)

� � s(M Z ) combinationsfor singleobservables:

PSfrag replacements

0.110

0.110

0.115

0.115

0.120

0.120

0.125

0.125

0.130

0.130

� S(MZ)

� S(MZ)

T

T

MH

MH

C

C

BT

BT

BW

BW

y23

y23

All

All

� � s(M Z ) combinationsfor singleenergies:

LEP as combinations,
by energy

PSfrag replacements

0:110

0:110

0:115

0:115

0:120

0:120

0:125

0:125

� S(MZ)

� S(MZ)

206GeV
206GeV

200GeV 200GeV

189GeV 189GeV

183GeV 183GeV

172GeV
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91 GeV

91 GeV

LEP 2
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LEP 1
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All
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� s(M Z ) from event shapes (contd.)

� LEP combination method applied to single
experiments:

PSfrag replacements
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� Combinationsat single energies,compared with
QCD running prediction:

PSfrag replacements
� S(Q)

� S(Q)

Q (GeV)

Q (GeV)

100

100

150

150

200

200

0.100

0.100

0.105

0.105

0.1100.110

0.115

0.115

0.120

0.120

0.125

0.125
� S(Q) �t at singleenergy

� � stat :

� � total

� S(Q) global�t
� � stat :

� � stat :

Matthew Ford Moriond Electroweak, La Thuile, Italy, 22nd March 2004 21



Conclusions

� Original tests of QCD are still being performed
with LEP data, more than 3 years after shutdown:

{ Unbiasedgluon jets (OPAL)
{ Coherentsoft particle production (DELPHI)

� Combinedmeasurementsof � s from eventshapes
are convergingtowardsa �nal publication. Results
from all individualexperimentswill be �nalised by
summer2004.

� Improved � s measurements will be possible
when NNLO/NNLLA QCD predictions become
available. Validity of future improvements to
the event-shape distributionscan be tested using
LEP1 data.

� Other LEP QCDresultshavenot beenmentioned,
due to lack of time! (power corrections,
colourreconnection,glueballsearches,pentaquark
searches.. . )
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