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Abstract: Recent progress in experimental studies of perturbative Quantum Chromo-

dynamics is reviewed.

1. Introduction

Quantum Chromodynamics (QCD), the strong interaction part of the Standard Model

(SM), is a simple and elegant theory of the interaction of quarks and gluons. But because

of the nature of the theory, whose coupling increases with distance, we do not yet fully

understand how the measurements, made on hadrons, are described by QCD. The topic of

this review is “hard” QCD where the experiments access interactions at scales which should

be sufficiently high to apply perturbative QCD (pQCD). We must remember, however, that

even at these high scales, the coupling constants are still relatively large, and higher or-

der (HO) QCD calculations are usually important. In addition, we must guess, by means

of models, the processes by which quarks and gluons become hadrons (hadronization).

These considerations make experimental studies of QCD rather complicated in practice.

In particular, in the assignment of theoretical uncertainties authors tend to choose dif-

ferent conventions. When looking at a particular measurement, it is important to ask

what is being meant by the uncertainty being quoted before it can be compared to other

measurements.

2. QCD at e+e−

In many ways, it is simplest to start the discussion with QCD studies at e+e− colliders,
where there are no hadrons in the initial state. The observable to be measured by the

experiment must be infra-red safe, i.e. invariant under a soft collinear QCD radiation.

Typical examples for e+e− collisions are “event shapes”, where the momenta of all final
state hadrons are combined in a way which is stable under ~pi → ~pk + ~pl.
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The QCD predictions which are used in
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Figure 1: The strong coupling constant αs
determined from eventshape analyses in e+e−

experiments.

the analyses of experimental data are com-

posed of several components. For an observ-

able, R, being measured in an experiment, a

fixed-order (FO) pQCD calculation is made.

These calculations need to be at least one or-

der (next-to-leading NLO) beyond the “triv-

ial” level for that observable. These fixed or-

der calculations are usually supplemented by

a partial accounting of the terms which are or-

ders higher than that in the FO calculations.

In some cases, where the observable R is small,

it is possible to sum all terms of the type

αns ln(1/R)
n+1. This procedure is called lead-

ing log resummation. In other cases, Monte

Carlo implementations of higher order radia-

tion is used. These are usually either based

on the parton shower model as in programs

PYTHIA [1] and HERWIG [2], or on the color

dipole model as in the program ARIADNE [3].

When the momenta of the partons approach

the QCD confinement scale, they need to be

“hadronized”. This is accomplished by Monte Carlo models[4]. While the hadronization

models are tuned with data, there are no rigorous justification for their correctness.

2.1 Event shapes

In the present conference, the results from the highest energy runs at LEP II has been

reported. As an example of an analysis that span a large range of e+e− cms energies, the
strong coupling constant, αs, determined from the event shapes at LEP and the Jade exper-

iment at PETRA is shown in Figure 1 [5]. The running of αs is convincingly demonstrated.

The QCD predictions, in this case, are made with NLO fixed order calculations matched

to a (next-to) leading log resummation. The strong coupling constant αs is determined to

6%.

To match theory with the measurements, Monte Carlo hadronization models are used,

which is usually not small in case of event shape variables. We will return to these correc-

tions later in the talk.

2.2 Running b mass

A new measurement of the b quark mass at the LEP energies have been reported [6]

by the OPAL collaboration. This result is based on measurements of the rates of tagged

b(b̄) events with three jets compared to those of the light quarks. Figure 2 shows the

measurements together with earlier measurements from other LEP experiments and that
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from SLD. Taken together with b mass measurements at the production threshold, the data

demonstrates the running of b mass predicted by QCD.

2.3 QCD color factors
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Figure 2: The mass of the b quark, determined

at e+e− colliders compared to that from the pro-
duction threshold measurements.

QCD color factors are a fundamental prop-

erty of the theory. These factors are as-

sociated with particular vertices that cou-

ple quarks and gluons. Recalling the spins

of quarks and gluons, it is not surprising

that measurements of angular correlation

of 4-jet events are sensitive to the color

factors. In these measurements αs is left

as a free parameter to be determined. The

αs thus determined is consistent with those

of other measurements but with an uncer-

tainty of about 15%. Figure 3 shows the

color factors determined from 4-jet final

states at the Z resonance in a new anal-

ysis by ALEPH compared to the previous

OPAL study [7]. This and other measure-

ments of color factors show that they are consistent with the SU3 symmetry of QCD.

2.4 Summary: e+e−
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Figure 3: QCD color factors TR, CF ,

and CA measured by OPAL and ALEPH

experiments. Predictions of various dif-

ferent symmetry structures are indicated.

All LEP experiments have reported updated results

of QCD studies at the highest LEP II energies.

There are several studies that cover 20–200 GeV

CMS energies, and convincingly demonstrate the

running of αs. Errors on αs determination is typi-

cally 3-5%, and all studies obtain consistent results.

Running of the b mass has also been seen, and the

basic check of QCD color factors give results that

confirm the SU3 symmetry of the underlying the-

ory.
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3. Structure Functions and Parton Distributions

3.1 Structure functions at HERA
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Figure 4: The measurement of F2 by the

ZEUS collaboration shown with the fixed

target results and a NLO QCD fit. Simi-

lar data exists from the H1 collaboration.

Deep Inelastic Scattering (DIS) of electrons (or

positrons) with a proton proceeds through the

exchange of a virtual boson. The reaction can

be described completely by two kinematic vari-

ables chosen to be the four-momentum transfer

squared (or the virtuality of the exchanged bo-

son), Q2 = −q2, and the Bjorken variable, x. In
the Quark Parton Model, x is the fraction of the

initial proton momentum carried by the struck

parton. At the HERA ep collider, with
√
s of

about 300 GeV, x and Q2 can be varied over six

orders of magnitude.

The DIS cross-section factorizes into a short-

distance partonic cross-section, σ̂, that can be

calculated perturbatively in QCD, and a long-

distance non-perturbative part, the parton den-

sities, f .

At sufficiently high Q2, the parton densities,

f , obey the DGLAP equation [8], which can be

written schematically as:
∂f

∂ lnQ2
∼ f ⊗ P , (3.1)

where P are the splitting functions that describe the branching of quarks and gluons, and

⊗ symbolizes a convolution.
The neutral current DIS differential cross-section can be written in terms of the proton

structure functions Fi as

dσ2

dxdQ2
=
2πα2

xQ4
(Y+F2 − y2FL ∓ Y−xF3), Y± = (1± (1− y)2) (3.2)

where y = Q2/xs is the inelasticity parameter, and s is the CMS energy squared of the

ep collision. For the HERA studies of the longitudinal structure function FL, which is

damped by y2 and F3 which arises from Z
0 exchange, the reader is referred to individual

contributions [10, 11].

The structure function F2 dominates the cross section in the largest part of the HERA

kinematic range. At leading order,

F2(x,Q
2) = x

∑

q

e2q(q(x,Q
2) + q̄(x,Q2)), (3.3)

where q is the quark and q̄ the antiquark density distributions.
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Figure 5: The most recent measurements of the structure function F2 at HERA, shown together

with fixed target experiment results. The lines are NLO QCD fits.

The latest measurements of F2 at HERA [10] (Figure 4) confirm the steep rise of the

structure function at small x with improved precision. The scaling violations (i.e. the Q2

dependence of F2 at fixed x) as shown in Figure 5. The logarithmic slope of F2 at low x,

in Leading Order (LO) DGLAP, is simply proportional to the gluon density of the proton

times αs [9].

In NLO DGLAP, the simple relationship of glu-

Figure 6: Charge current (CC) and

neutral current (NC) cross sections for

e+ and e− measured at HERA.

ons to F2 at LO no longer holds. However, the gluon

density, and αs may be extracted via NLO DGLAP

fits to F2. The current determination of gluons are

at ≈ ±10% precision at Q2 = 5 GeV and x = 10−3.
The coupling constant αs is determined to 4-5%. The

present errors are dominated by theory uncertainties.

New measurements of DIS cross sections at high-

est Q2 using 100 pb−1 of e+p data and 15 pb−1 of e−p
data have become available [11]. Figure 6 shows the

HERA data at the highest Q2 for both e+ and e−

as well as for charged and neutral current interac-

tions. The charged and neutral current cross-section

approach each other at high Q2 showing the unifica-

tion of eletromagnetic and weak forces. The data are

well described by SM using the CTEQ5D parton distributions [12]. While this data is still

not precise enough either for detailed studies of electroweak physics or parton distributions

at high x, the luminosity upgrade at HERA which promises to increase the data 10 fold in

5-6 years, and provide longitudinally polarized e± beams will open up new areas of study.
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,

Figure 7: The world data on the spin structure function g1 as function of x (left) and Q
2 (right).

3.2 Spin structure of the proton

The measurements of asymmetry in polarized lepton-
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Figure 8: The results of a NLO

QCD fit to polarized lepton data.

nucleon scattering gives the spin structure function g1
which, LO, is:

g1(x) =
1

2

nf∑

i=1

e2i [∆qi(x) +∆q̄i(x)] (3.4)

where ∆qi is the spin carried by the quark i. The worlds

data on g1 is shown on Figure 7 [13]. The scaling viola-

tion of g1 is related in similar way to that of F2 to the

spin component carried by the gluon, which is thought

to carry the “missing” spin of the proton, i.e. that not

carried by the valence quarks. In principle, NLO QCD

analyses of the same type performed on the spin av-

eraged structure functions can determine the spin carried by the partons. This type of

analyses in NLO, performed by two groups, were presented [14] in this conference. Figure

8 shows the results of one of the analyses [15]. The spin carried by the gluon is labeled

x∆G. As can be seen the precision of this data is not yet at a point where a definitive state-

ment on gluon spin can be made. The strong coupling constant αs can also be extracted

from these fits, and has an uncertainty of about 6%.
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3.3 DIS of the photon
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Figure 9: The world’s data on the photon structure

function F γ2 . The new measurements from OPAL are

shown in (a), (b), and (q).

At e+e− machines, the structure of
the photon may be measured by tag-

ging either the positron or electron to

measure the Q2 of the virtual photon

that probe the real photon emitted

by the untagged beam lepton. This is

a difficult measurement since a large

part of the final state is lost down the

beampipe. In this conference, OPAL

reported new measurements of the pho-

ton structure function at low x and

high Q2 [16]. Figure 9 shows the of

the world data on the photon struc-

ture function F γ2 . The measurements

do not yet extend to low enough x

to determine if a rise similar to the

proton F2 is present in the photon.

3.4 Summary: structure functions

and parton distributions

The electron-proton DIS data from

HERA now spans six orders of mag-

nitude in x and Q2. The experimen-

tal precision reached is about 3%. This

data allows a precise determination of the gluon density in the proton at low x. The strong

coupling constant has been determined to 4-5% from the scaling violations of F2. The

uncertainty is now dominated by the theoretical uncertainties. The NNLO calculations are

almost ready for application, and are expected to improve the precision of these measure-

ments in the near future [18].

In parallel, there is now a strong effort from many groups to produce PDF’s with

correlated errors [17]. Some of these efforts also extend to polarized structure function.

Finally, some new data on photon structure has become available from OPAL.
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Figure 10: Heavy flavor production cross section at HERA. The charm production cross section

(left) measurements from ZEUS, and the beauty production cross section (right), divided by the

theoretical prediction, from H1 and ZEUS.

4. Hadrons in the initial state

4.1 Heavy flavor production in DIS

The parton distributions extracted from procedures described in the previous section can

be used in QCD studies where there are hadrons in the initial state of the reaction. These

studies are similar to those discussed in the section on e+e− collisions, but have the addi-
tional complication of a hadron whose partonic content is described by its PDF.

The goals of these analyses depend on the uncertainties associated with each piece of

information that goes into the NLO QCD predictions for the process being studied. In

cases where the PDF’s are sufficiently well-known, the pQCD predictions are tested, and

QCD parameters extracted in a way similar to the studies of e+e− collsions. In other cases,
where the PDF’s are not well-known, these studies can constrain or determine the PDF’s.

Figure 10 (left) shows the measurement of the charm cross-section in ep collisions at

the highest Q2 accessible at HERA [19]. The measurements are in reasonable agreement

with the QCD predictions using existing proton PDF’s. The large uncertainty due to the

uncertainty in the mass of charm quarks, however, limits the usefulness of this measure-

ments as a constraint for the proton PDF’s. Intriguingly, a difference in the e+ and e−

cross-sections, that apparently increases with Q2, is observed at a 3σ level.

Figure 10 (right) shows the compilation of beauty production data from HERA [19],

including the new measurement at high Q2 by the H1 collaboration. The QCD predictions

are consistently lower than and incompatible with the data, even when theoretical uncer-

tainties are taken into account. This is surprising since the heavier b quark mass should

– 8 –
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make the QCD prediction more reliable than in the case of charm. The b production

cross-section in other processes will be discussed below.

4.2 Jet production in DIS

At high Q2 at HERA, dijet productions pro-

Figure 11: The measurement of total

and dijet neutral current cross section

from ZEUS. The measurements are com-

pared to the standard model prediction.

The hadronization correction is indicated

at the top (Chad)

ceeds predominantly via the QCD Compton pro-

cess, which does not involve the gluon in the pro-

ton. Since the quark density of the proton is well-

known, in contrast to the gluon density at high x,

it is possible to use this data for a precise test of

QCD.

Figure 11 compares the DIS total and dijet

cross-section from ZEUS [20] with the QCD pre-

dictions. Taking the ratio of the two cross sections

further reduces the sensitivity of the results to the

proton PDF’s. The strong coupling constant αs is

determined from this data to about 4%. Similar

results are obtained by the H1 collaboration us-

ing the measurement of inclusive jet cross sections.

It is notable that the theoretical uncertainties are

comparable or larger than the experimental ones

in these measurements.

The H1 collaboration has recently measured

the 3-jet production cross-section 3-jet production

for in DIS as well as the 3-jet to 2-jet rate [20].

A recent calculation [21] shows that the 3-jet to

2-jet ratio is particularly robust with small theo-

retical uncertainties. At the moment, the measure-

ments are statistically limited, but with the advent

of HERA II the situation will improve in the next

few years.

4.3 Jets at the Tevatron

The description of the jet production at the Tevatron depends critically on the high x gluon

distribution in the colliding proton and anti-proton. The early reports of excess above the

QCD predictions at high Et are now found to be compatible within the uncertainties of

the gluon density at high x.

At this conference, the D0 collaboration has reported [22] on studies that extend the

jet studies to higher rapidities, which correspond to lower values of x. Altogether, the

Tevatron jet data now probe in the x range of ≈ 1 to 0.001. The results are compatible
with the QCD predictions using the currently available proton PDF’s.

– 9 –
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4.4 Photon collisions at LEP

At LEP, photons which are emit-

Figure 12: Dijet cross section for γγ collisions mea-

surement from OPAL.

ted by the electron, or positron, beams

correspond to the initial hadron in the

present discussion. At LO, the pho-

ton couples directly to the hard pro-

cess that produce the final states that

is being studied, or be “resolved” into

partons, one of which take part in the

hard process. The variable xγ is 1 in

the former case and less than 1 for the

latter. Figure 12 shows the prelimi-

nary measurement of dijets as a function of xγ in photon-photon collisions at OPAL [23].

Since there are 2 photons, each event enters twice in this figure. The NLO QCD predictions

do not contain hadronization corrections which accounts for some of the differences with

the data. However, at low xγ , the prediction is considerably lower than the data. This

suggests that the photon PDF’s which are much less well-known than the proton one, are

inadequate.

The charm production production cross section in photon-photon collisions have been

measured upto the LEP II energies [24]. Within the large uncertainty in the prediction

which comes from the uncertainty in the charm mass, the QCD calculations describe the

data. This is not the case for b production, however [24].

The measurements of Figure 13 from, OPAL

Figure 13: The b production cross sec-

tion in γγ collisions measured by OPAL

and L3.

and L3 collaborations, show that the QCD pre-

diction falls well below the data. Taken together

with the ep data discussed above and that from

the Tevatron reported in previous years indicate

that QCD calculation of b production consistently

falls below the measurements.

4.5 Photoproduction dijets at HERA

At HERA, the photon emitted by the electron (or

positron) can, together with the proton, be consid-

ered as an initial state hadron. In this case, since

the proton PDF’s are relatively well-known, the

proton can considered to “probe” the photon. Figures 14 and 15 shows the measurements

of the dijet photoproduction at HERA from ZEUS and H1 collaborations respectively [25].

The cuts on the jet energies are “asymmetric”, i.e. the two jets have different energy cuts.

This is needed because NLO calculations are not reliable when the jets are both at the

same minimum energy. In case of the ZEUS data, the minimum energy is 11 GeV, H1, 15

– 10 –
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GeV. In the case of H1, the QCD calculations agree with the data whereas for ZEUS the

calculations are below the data. The source of this apparent discrepancy remainst to be

clarified.

4.6 Summary: hadrons in the initial
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Figure 14: The dijet photoproduction cross sec-

tion from ZEUS. The ET values indicated are for

one of the jets. The other jet has ETmin value

of 11 GeV.

state

The determination of αs from jet measure-

ments at HERA have achieved uncertainties

at the level of 4%. The uncertainties are

dominated by theory, and higher order cal-

culations are needed.

The Tevatron jet measurements have been

extended to lower values of Bjorken x. The

D0 collaboration finds good agreement with

existing PDF’s in this new kinematic region.

The first Tevatron jet measurements using

the kT algorithm were presented by the D0

collaboration [22].

Some questions are emerging in the mea-

surements that are sensitive to the photon

PDF’s. ZEUS and OPALmeasurements find

that the existing photon PDFs are not ad-

equate to describe their dijet data. The H1 collaboration, on the other hand, finds the

GRV-HO photon PDF [26] describes their dijet data well.

The QCD predictions of beauty cross-

Figure 15: The dijet photoproduction cross sec-

tion from H1. The ET values indicated are for

one of the jets. The other jet has ETmin value

of 15 GeV.

sections [27] are too low in photon-photon,

proton-photon, and proton-anti-proton col-

lisions.

– 11 –
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5. Power corrections and event shapes

Beginning in the early 90’s, a method

Figure 16: Average Thrust for e+e− collider
events as a function of the cms energy

of determining non-perturbative corrections

which is independent of Monte Carlo mod-

els has been advocated. Briefly, the idea

is to relate a particular type of divergence

encountered in the QCD fixed order calcu-

lations to the non-perturbative corrections

that are needed to ultimately cancel them.

These divergences are called “renormalon-

s”, and the resulting corrections are called

“power corrections”. According to some au-

thors power corrections [28], in case of struc-

ture functions are related to higher twist

terms encountered in the Operator Product

Expansion.

Power corrections only predict the form

of the corrections and not the magnitude. Accordingly, in analyses using power corrections,

the form of the power corrections are used

Figure 17: The differential Thrust distri-

butions from e+e− data fitted with NLO
QCD and power corrections.

in a fit that include parameters that control the

magnitude of the corrections.

Event shapes are the most common observ-

ables used in analyses involving power correc-

tions, since the non-perturbative corrections are

relatively large. Figure 16 shows (one minus)

the average Thrust measured in e+e− collisions
compared to NLO QCD theory (dotted line) and

the prediction including non-perturbative cor-

rections (solid line). Dokshitzer andWebber [29]

have further postulated a universal parameter

α0 which controls the power corrections and are

independent of the type of event shape observ-

able.

Figure 17 shows an analysis made by Movilla-

Fernandez et al. [5] of event shapes using power

corrections of the Dokshitzer-Webber type, that

span the energy range 14-189 GeV. The QCD

calculations with the power corrections give a re-

markably good description of the data over the

very wide kinematic range. The authors have

compared the power corrections with the non-perturbative corrections derived from Monte

Carlo models. The two kinds of corrections can be rather similar as in the case of Thrust,

– 12 –
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but can also differ substantially sd in the case of Wide Jet Broading, BW (Figure 18). The

results of the fits which determine α0 and αs simultaneously are largely consistent among

different shape variables, and give remarkably small errors.

The DELPHI collaboration has performed a power correction analysis on their data

using the “renormalization group independent” (RGI) scheme [5]. This is a method related

to scale optimization scheme such as that of effective charge (ECH) [30]. When the RGI

scheme is used in their analysis, it is found that the power correction terms become very

small and are compatible with zero. While it is known that power corrections are not

independent of the order to which the fixed order calculations are made, the significance

of the success of RGI scheme is not clear at present.

The errors of the αs determination from event shape analyses using power corrections

are at the level of 2.5%, and are among the smallest of such measurements. The theoretical

uncertainty of these measurements are subject to further clarification.

Figure 18: The non-perturbative corrections as determined by Monte Carlo compared to those

obtained from power corrections. Top plot is the results for Thrust, whereas the bottom plot is

that for Wide Jet Broadning.

– 13 –
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6. Summary

The experimental study of QCD is still a vibrant and exciting field. Due to lack of time, I

have had to leave out many interesting and important developements; the reader is referred

to the individual contributions to these proceedings. There are now very many precision

tests of QCD. A benchmark is the number of 3-6% determination of αs reported here. Still,

QCD is a complex topic. In many analyses, one needs to look at the “fine print”; it is not

a simple matter of “who’s quoting the smallest errors”.

While on the whole, there is an impressively consistent picture, there are many ques-

tions in detail. Two years ago, one of the reviewers at this conference remarked upon

the need for improvements in the theory. I was not able to cover this in detail but these

improvements are now beginning to appear.

Finally, some of the most intriguing results in QCD are in the studies that involve

boundaries of hard and soft QCD. While it is still far from achieving an understanding of

the relationship between hadronic physics and QCD, many new results and phenomenology

is leading to a renewed activity. The reader is refered to the proceeding in the soft-QCD

session.
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