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The success of the theory of Quantum Chromodynamics (QCD) in describing processes controlled by the strong
interaction is generally seen as a triumph of modern particle physics. This paper reviews recent QCD measurements
using hadronic jet final states from the Fermilab Tevatron, DESY’s HERA, and CERN’s LEP colliders. Recent
advancements in the measurements of jet production cross sections, events shapes, and energy flow, along with
improved theoretical calculations, allow for new levels of precision in the study of the physics of strong interactions

and point to areas in need of further refinement.

1. Introduction

In the framework of quantum chromodynamics
(QCD) outgoing hadronic jets are a key signature
of strong interactions between constituent partons in
inelastic hadron collisions. We have witnessed sub-
stantial progress in both the theoretical and experi-
mental understanding of such processes throughout
the past decade. QCD predicts the partonic cross
sections! for hard scattering at large momenta trans-
fers. The determination of the production ampli-
tudes for various final states requires the convolution
of accurately determined parton distribution func-
tions (PDF’s)? with the partonic level cross sections
to model the initial state parton momenta within
the hadron beams.
hadron collisions can be modeled as in Fig. 1. Ma-

Pictorially jet production in

trix elements for the hard interaction are available
to (N)NLO/(N)NLL for many processes and phe-
nomenological models tuned to data can be used to
account for hadronization effects.
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Figure 1. Jet production in hadron collisions. Matrix elements
for the hard scatter are available at (N)NLO/(N)NLL for
many processes under study. Non-perturbative parton distri-
bution functions are factorized from the hard scattering cross
section in calculating production rates at colliders.

This paper reviews the status of recent QCD
studies from collider experiments at the Tevatron,
HERA, and LEP.

2. Jet Production at the Tevatron

The available center-of-mass (cms) energy of /s =
(1.8)1.96 TeV for pp collisions at the Tevatron al-
lows the experimental probe of distance scales down
to ~10~!7 cm in measures of inclusive single jet and
di-jet cross sections. This section summarizes the
status of QCD jet analyses for the CDF? and D@*
experiments. Figures 2 and 3 show the kinematic re-
gions accessed in measurements® of jet production in
Run I at the Tevatron?

The Run I history of QCD studies at the Teva-
tron includes the observation of a prominent excess
of high-pr central jet production (as compared to
NLO predictions and contemporary PDF’s) initially
observed by the CDF experiment® and contrasted by
the D@ observation with good agreement in shape
and normalization between the data and theory.”
(Figure 2 shows NLO QCD predictions for the DO
cross sections calculated with JETRADS®) Analyses
of experimental uncertainties showed the two data
sets to be consistent and analyses of constraints in
global fits for PDF’s found that uncertainties in the
determination of large-z gluon distributions, under-
lying assumptions in PDF parameterizations, and
scale choices, allowed a very wide range of large-z
behavior.? The dominant effect is due to poor con-
straints on the gluons at large-z from the data avail-
able for global fits. Ensuing discussions of these is-

%Run I refers to the data taking periods ending in 1996 with
cms energy /s = 1.8 TeV. Run II refers to the current data
run starting in 2001 with cms energy /s = 1.96 TeV.
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Figure 2. The single jet inclusive cross section measured in
five bins of pseudorapidity from the D@ Run I data. Data are
shown compared to NLO predictions for the cross sections.

sues have directly contributed to an improved state-
of-the-art in the reporting and applications of PDF
uncertainties.!”

In Run I both CDF and D@ performed most jet
analyses using iterative cone algorithms based on the
Snowmass standard.!! Both experiments defined jets
with cone radius R = /An2 + A¢2 = 0.7. Where
the polar (pseudorapidity, 7°) and azimuthal (¢) an-
gles are defined by E7 weighted averages of all energy
depositions associated with the jet.

Run IT at the Tevatron brings numerous detector
improvements to both D@ and CDF.'%13 Addition-
ally, the physics reach is extended with an increased
center-of-mass energy of 1.96 TeV and an expected
factor of 50 (minimum) increase in total integrated
luminosity. An improved iterative cone algorithm
based on 4-momenta clusters (as opposed to the Ep
weighting schemes defined at Snowmass) has been
proposed!* to address IR divergences in the Run I
schemes and to fully specify the treatment of over-
lapping cones. D@ has implemented this improved
cone algorithm for all Run II cone-jet analyses. In
the preliminary CDF analyses jets have been recon-
structed using their legacy Run I algorithm.

CDF has presented results of their measure of
the inclusive jet cross section in the central region

by = —In(tan(6/2)), where 6 is the polar angle relative to the
beamline.
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Figure 3. Kinematic reach of high-pr jet data at the Tevatron
compared to other colliders and fixed target experiments in
the plane of parton momentum fraction = and square of the
momentum transfer Q2.

defined by 0.1 < [77¢*| < 0.7 for 177pb~" of accu-
mulated Run II data. The effect of the increased
Run II cms energy on CDF’s central jet cross sec-
tion is shown in Fig. 4(a).
in jet production cross section is in agreement with

The observed increase

NLO predictions within experimental uncertainties.
In Fig. 4(b) the data are compared to the NLO QCD
calculation using the full set of CTEQ6.1'® param-
eterizations of the parton density functions. The
range of NLO predictions defined by the full set of
parameterizations is contained in the envelope shown
by the solid lines. The preliminary D@ central jet
inclusive cross section shown in Fig. 5 is measured
in the region |n7¢*| < 0.5. Both experiments are in
agreement with NLO predictions within experimen-
tal uncertainties. Due to the increased cms energy at
the Tevatron the reach of this cross section measure-
ment has already been extended by 150 GeV with
respect to Run II (see Fig.4).

Successive recombination or kp algorithms have
been introduced to resolve problems of infrared sin-
gularities in parton jet clustering and to provide a
theoretically “clean” procedure, free from ad-hoc or
non-physical definitions. Both D@16 and CDF have
repeated their central jet inclusive cross section mea-
surement using the Ellis-Soper kr algorithm!” for
The DO data for the central
(In7¢t| < 0.5) inclusive jet cross section for kr jets
are compared to the NLO QCD prediction and to

jet reconstruction.



[T T T T e T e )
'% 3'5: CDF Run Il Preliminary (a) b
né [ Integrated L = 177 pb™ ]
S 3 0i<inl<07 7
%’ [ JetClu ConeR=07 ]
» 2,5; — NLO pQCD Uncertainty (CTEQ 6.1) * |
g E »  o(\5=1.96 Tev) o(Ns = 1.8 Tev) * | E
o o [ 3% Energy Scale Uncertainty t B

C . ]

C . ]

15 L -

- =

ol b b b b e e L T
50 100 150 200 250 300 350 400 450

Inclusive Jet E .. (GeV)

S wE
8 10 E CDF Run Il Preliminary (b)
810 ¢ Integrated L = 177 pb™*

Z 1E
g -1 E 01 < mDe‘I < 07
S0 = JetClu Cone R=0.7
wo

N
=l

= Run |l Data
[ ]+/- Systematic Uncertainty
E- —NLO pQCD Uncertainty (CTEQ 6.1)
10'95”H\HH\HH\HH\HH\HH\
0 100 200 300 400 500 600

Inclusive Jet E | (GeV)

Figure 4. (a) Ratio of CDF’s central inclusive jet cross section
(Run II/Run I). (b) CDF’s central inclusive jet cross section
(circles) compared to NLO QCD (lines). The two lines repre-
sent limits on the ranges of predictions determined from the
set of CTEQG6 parton density functions. Experimental sys-
tematic uncertainties are shown by the shaded band.

the cone jet cross section in the same 7 region in
Fig. 6. The D-parameter used to control the size
of the kr jets was set to 1.0 for this analysis. The
analysis used 88 pb™! from the Run I data sample.
Both D@ and CDF (not shown) find only marginal
agreement with the NLO prediction at the lower pp
end of the spectrum. For the clustering algorithms
in the D@ measurement, the NLO QCD predictions
for the k7 and cone jet cross sections agree to within
1%. To identify the source of the difference between
the data and theory, hadronization effects were eval-
uated using HERWIG to correct particle level jets
back to the parton level. While k7 jets are found to
appear more energetic at the hadron level as com-
pared to cone jets, the magnitude of the difference
was only found to be about one third of the observed
difference in the data.

The di-jet mass cross section may also be used as
a test of QCD, to constrain allowable PDF models,
and to search for evidence of interactions beyond the
Standard Model. The most strict limits on quark
compositeness from Run I were obtained using di-
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Figure 5. D@'’s central inclusive jet cross section do/dpr as a
function of p%th integrated over |77¢t| < 0.5. Also shown is the
NLO calculation using the CTEQ6M parton distributions.
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Figure 6. Fractional difference between D) measurement of
the inclusive jet cross section (D) compared to NLO QCD
prediction (T) from Run I data. Jets reconstructed with kr
(circles) and cone (squares) algorithms are compared. Ex-
perimental systematic uncertainties (excluding luminosity) are
shown by solid lines.

jet measurements.!® In di-jet analyses, reduction in
experimental systematics due to detector resolution
effects can compensate for reduced statistics due to
the two jet requirement. Further, measuring the an-
gular dependence of the jet production can reduce
effects of PDF uncertainties when searching for new
physics with relatively isotropic production angles.
The preliminary D@ results for the di-jet mass cross
section for Run II are summarized in Fig. 7. The
data are in agreement with NLO QCD predictions
within the experimental uncertainties. Preliminary
results from CDF are shown in Fig. 8. A comparison
with the Run I cross section is included to show the
increased reach at Run II.
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Figure 7. D@ dijet mass cross section. d3o/dMdnidny for
[njet| < 0.5. Inner (outer) error bars show statistical (total)
experimental uncertainties. The NLO calculation is shown by
the dashed line.

3. Jets in DIS and Photoproduction

This section summarizes recent experimental tests of
QCD with jet production from the H1'? and ZEUS?°
experiments at HERA. The HERA collider at DESY
produces et/ ~)p collisions with a center-of-mass en-
ergy of 318 GeV. Precision measurements of the pro-
ton structure in ep deep-inelastic scattering (DIS)
provide a strong verification of perturbative QCD,
with a hard scale defined by Q?, the virtuality of
the photon exchange. Jet production gives direct ac-
cess to the underlying parton dynamics and provides
an additional scale, the jet transverse energy Er, to
describe the interaction within the framework of per-
turbative QCD. Figure 9 shows O(«a;) diagrams for
jet production in ep DIS. Photoproduction will be
discussed in Sec. 3.2.

3.1. Jets in DIS

Previous analyses of inclusive and multi-jet produc-
tion in neutral current DIS at large virtualities?!
(Q? > 125GeV?) have shown excellent agreement
with NLO QCD predictions. H1 has extended their
measured inclusive jet cross sections to low Q2% values
in the range 5 GeV? < Q2 < 100 GeVZ2. The low Q?
analysis?? shows the onset of discrepancies with NLO
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Figure 8. Di-jet mass cross section for CDF. The Run I data

are overlaid to show the increased production rates in the
Run II experiment.
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Figure 9. Order as diagrams for jet production in deep inelas-
tic scattering. (a) Born, (b) QCD-Compton and (c) Boson-
gluon fusion.

QCD predictions as demonstrated in Fig. 10. Jets are
reconstructed using the inclusive kp algorithm!” and
transverse energies are calculated in the Breit frame¢
NLO calculations of jets observables were calculated
using the DISENT program23 Corrections to the
partonic cross section due to hadronization effects
were estimated using a variety of Monte Carlo gen-
erators implementing the Lund color string model2*

Figure 10 shows the inclusive jet cross section
versus jet Ep for three regions of pseudorapidity 7;4p-
Positive or forward 7,4 is defined to be in the direc-
tion of the proton. Good agreement between the
data and NLO QCD is observed in the backward
region for all Ep’s, while discrepancies become ap-
parent in more forward regions, especially for jets
with low Ep. The estimated renormalization scale
uncertainties do not cover the discrepancies at low-
est Fr in this region, where NLO corrections and
scale sensitivity are also at their largest.

¢In the Breit frame the photon and parton collide head-on
(22p + @ = 0, where z is the Bjorken scaling variable, and p, g
are the proton and v* momentum, respectively). In this frame
a jet produced at the Born level is defined to have pp = 0.
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Figure 10. H1 measurements of inclusive jet cross sections
do/dET integrated over the region 5 < Q2 < 100 GeV?2. The
data are shown as points. Error bars include statistical and
systematic uncertainties. Top frame: Data are compared to
DISENT NLO QCD calculations using CTEQ5M PDF’s (solid
line) and DISENT LO calculations using CTEQ5L (dashed
line), with renormalization scale pgr = Er (no hadronization
corrections are applied). The effects of varying ugr by fac-
tors of +2 are shown in the hatched band. Bottom frame:
(QCD-Data)/Data, where “QCD” denotes NLO QCD cor-
rected for hadronization effects. Hadronization uncertainties
are denoted by the inner white band.

The ZEUS experiment has measured inclusive
and di-jet production rates?® and jet substructures
in charged current (CC) DIS for Q® > 200 GeV?. Jet
production in CC DIS provides a testing ground for
both QCD and the electroweak sector of the Stan-
dard Model. Up to leading-order in ay CC DIS
proceeds via the QCD-Compton (Wq — ¢'g), W-
gluon-fusion (Wg — qq’), or the pure electroweak
process (Wq — ¢'). The inclusive jet cross section
for B7" > 14GeV and —1 < 77¢* < 2 is shown in
Fig. 11. The data sample corresponds to an inte-
grated luminosity of 110.5pb~'. Jets were recon-
structed using the invariant k7 algorithm in the lab-
oratory frame. Both the NLO QCD calculation of
MEPJET? and the LO ARIADNE MC?" models
give a good description of the jet cross section. The
NLO calculations were corrected to the hadron level
using ARIADNE and LEPTO?® models to estimate
the uncertainty on the procedure.

It is interesting to contrast the agreement of the
HERA cross sections and NLO QCD for low Er jets
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Figure 11. (a) Differential cross section, do/dET for inclusive
jet production measured at ZEUS (dots) with E%ft > 14 GeV
and —1 < nft < 2 with Q2 > 200GeV?2. The solid band
shows the uncertainty due to the calorimeter energy scale.
Error bars are statistical (inner) and statistical @ systematic
(outer), exclusive of the scale error. (b) Ratio of the mea-
sured cross section to NLO calculation. The hatched band
represents the theoretical uncertainty.

defined using the kr algorithm with the Tevatron
kr jet measurements. Correction for hadronization
effects at the Tevatron does not recover good agree-
ment at lower Er values. This may suggest compli-
cations due to more energetic underlying events in
the pp collisions at the Tevatron.

3.2. Jets in Photoproduction

A comparison of measurements of jet production at
different center-of-mass energies demonstrates scal-
ing violations due to the evolution of structure func-
tions and the running of the strong coupling constant
a. In the parton model the scaled jet invariant cross
section, S(zr) = (B EIdBq/dpls dplstdply”,
should be independent of W, the center-of-mass en-
ergy, when plotted against the dimensionless vari-
able zp = 2E%€t /W. Scaling violations have been
observed in pp collisions at center-of-mass energies
of 546(630) and 1800 GeV ?* Photoproduction of jets
in ep collisions can be used to perform similar tests.
Photoproduction is differentiated from neutral cur-
rent DIS, by requiring a small virtuality of the ex-



changed photon, typically Q? < 1GeV?. Hence the
photons are quasi-real and yp collisions may be stud-
ied. The photon may act as a point-like particle in
an interaction with a parton carrying a fraction x,
of the proton momentum (direct process). Alterna-
tively the photon may develop a hadronic structure
(resolved process) where a parton carrying a fraction
2~ of the photon momentum interacts with a parton
in the proton.

ZEUS has measured the scaled jet invariant cross
section®® in yp collisions for the yp center-of-mass en-
ergy range 142 < W,,, < 293 GeV for the pseudora-
pidity range —2 < 77¢* < 0. Event selection requires
Q? < 1GeV?, yielding a median Q2 ~ 1073 GeV2.
The data are divided into two center-of-mass ranges
with (W,,) = 180 and 255 GeV. Figure 12 shows
the ratio of the scaled invariant cross sections as
a function of xp. The clear deviation from unity
is in agreement with NLO QCD predictions, which
include the running of ag and evolution of PDF’s
with the scale. These data constitute the first ob-
servation of scaling violations in 7p collisions. The
cross section do/dEi" as a function of EJ was
used to determine as(Mz)30 The value as(Myz) was
obtained in each bin of the measured cross sec-
tion and from x? fits to all the data: as(Mz) =
0.1224 +0.0001(stat.) 70 0078 (exp.) 70 5oas (th.). NLO
calculations with hadronization corrections are used
throughout the analysis. The largest contribution
to the experimental uncertainty (+1.5%) arises from
the jet energy scale. The largest contribution to
the theoretical uncertainty arises from terms be-
yond NLO (*32%). For a full discussion see the
References3!

H1 has also reported a new measurement of in-
clusive jet production in photoproduction®? based on
24.1pb~ ! of etp data. Jets were reconstructed using
the kr algorithm for —1 < 77¢* < 2.5 in the labora-
tory frame. Events were selected with Q2 < 1 GeV?
and Ei% > 21GeV. The yp cms energy range for
these events was 95 < W,, < 285GeV. The mea-
surement was extended down to E%et > 5GeV using
a 0.47pb~ ! collected via a dedicated trigger. The
kinematic range for these data is Q% < 0.01 GeV?
and 164 < W, < 242 GeV. Figure 13 shows a mea-
surement of the inclusive jet cross section over the
entire E7 range after combining the two samples.
The samples were combined by applying a common
W,p cut (164 < W, < 242GeV) and by correcting
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Figure 12. Ratio of scaled jet invariant cross sections versus
xp for two intervals (W,p) of yp center-of-mass energies in
photoproduction measured at ZEUS.

the low Ep sample by the difference in photon flux
fy/e(y, Q%) over ranges Q* < Q3,,,, for the two sam-
ples. The fraction of the electron energy carried by
the photon is given by y = E,/E.. The measured
cross section do/dE}" falls by more than 6 orders
of magnitude and is well produced by the theoretical
prediction. Hadronization corrections are needed in
addition to NLO contributions for good agreement
with the data at low E3<".

The photoproduction results are compared with
measurements in pp collisions to observe differences
arising from the structures of the photon and the
proton. The differential cross section was redeter-
mined using a cone algorithm with radius R = 1 to
match the procedure used for available pp data at a
comparable cms /s = 200 GeV3? To compare with
pp measurements at different energies, the cross sec-
tion was measured with the cone algorithm in the re-
stricted range 1.5 < /¢ < 2.5 and for E%Et > 8GeV
and scaled to the invariant cross section at fixed
W,p = 200GeV averaged over the cms pseudora-
pidity range |n*| < 0.5 using Monte Carlo models to
evaluate the correction factors. The invariant scaled
cross section is compared to data from UA233
D@34 in Fig. 14. The pp data were transformed into
S(zr) using the central bin values and were scaled by
factors of O(em /as) to match the photoproduction

and
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data at xp ~ 0.1. Despite differences in 7 intervals
and analysis procedures, all pp data are in approxi-
mate agreement. The yp data are compatible with
the pp data in the region z7 < 0.2, where the resolved
photon leads to scaling behavior similar to that for a
hadron. At larger x7 the shape of the yp cross sec-
tion deviates from the pp measurements. This is a
result of the enhanced quark density of the resolved
photon relative to that of the proton at large momen-
tum fractions. Dominating the scaled cross section
at largest zp, the direct photon contribution involves
the convolution of only the proton PDF’s.

4. ~~ Collisions at LEP

High energy hadrons at LEP are mainly produced via
Te~v*y* — ete™ + hadrons,
where hadrons of large transverse momentum are

produced directly from the virtual photons (QED

the process ete™ — e
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Figure 14. H1 inclusive jet photoproduction. The scaled vp
cross section at Wy, = 200 GeV for inclusive jet production
as a function of zp for |n*| < 0.5. Jets are found with a cone
algorithm (R = 1) and the data are compared with measure-
ments from UA2 and D@ of the inclusive jet cross section at
various cms energies. Predictions of PYTHIA for the direct
~p and resolved photon contributions are also shown (a nor-
malization factor of 1.2 is applied).

process Y*y* — ¢g) or via QCD processes if the
partonic content of the photons is resolved. L3 has
measured the differential cross sections do/dpr for
the production of high-pr hadrons and jets in two-
photon collisions. Distributions for charged pions
and jets are shown in Fig. 15. Events were selected
based on low photon virtuality (Q?) ~ 0.2 GeV and
an effective mass of the vy system W,, > 5GeV.
The published results for charged pion production®®
show a clear excess of events as compared to NLO
QCD for pr > 5GeV. A recent analysis performed
for jets confirms the observation of excess production
at high pr. Both analyses were restricted to the re-
gion |n| < 1.0 and jets were reconstructed using the
kr algorithm!” with a minimum p7 requirement of
3 GeV with a D-cut of 1.0.

In Fig. 15(b) the jet data are compared to NLO
analytical QCD predictions3® The flux of quasi-real
photons was obtained via the Weizsacker-Williams
formula>” Both the direct and resolved produc-
tion processes were included in the NLO calcula-
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tions do/dpr in 7 collisions for charged pion production (a)
and jet production (b). The data (preliminary) are com-
pared to NLO calculations (solid lines). Scale uncertainties
are shown in dashed lines. The dashed-dot line corresponds
to the direct process ((a) only).

tion. Parton densities were modeled using GRV-
HO.3® Scale uncertainties calculated by varying the
scale up/downward by a factor of two are small. Poor
agreement is observed in the high-pr jet region as in
other channels. The cause of this excess has yet to
be explained.

The OPAL experiment has measured the pro-
duction of di-jets at center-of-mass energies ,/sc.
from 189-209 GeV. Jets were reconstructed using the
kr algorithm and the event selection required at
least 2 jets with |77¢!| < 2, EI* > 3GeV. A cut
of Q% < 4.5GeV? was used to select quasi-real pho-
tons. Backgrounds from hadronic decays of the Z°,
vy — 77, and yv* collisions were subtracted. For
single or double resolved processes the variables x,jf
estimate the fraction of the photon’s momentum par-
ticipating in the hard scattering. At LO all of the
photon’s energy goes into the two jet final state
(xF = 1). Whereas for single and double resolved

3
events one or both ., values will be less than 1, with:

+ _ Zj€t1,2 E+p.
7 Zhadrons E ipz

The data are compared to LO and NLO QCD
predictions®® in Fig. 16. The cross section is plot-

T

(1)

ted versus the mean jet transverse energy (E%ﬁ} At
large (E;2> the cross section is expected to be domi-
nated by direct processes, consequently a softer spec-
trum is observed in single (double) resolved enhanced
subsamples. The NLO calculation using GRV-HO
parton densities is in good agreement with the full

data sample and for single resolved enhanced events
(zf or 2 < 0.75). Predictions for a double re-
solved enhanced sample (xj‘ and x; < 0.75) are
below the measurement. Good agreement is found
with PYTHIA and SaS 1D*° parton densities. Ob-
servables in the double resolved region may be used
to study effects of multiple parton interactions in

greater detail.
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Figure 16. Di-jet cross section versus mean jet transverse
energy (EQIJ2> for three regions of x,. Distributions are

shown for the full sample, single resolved enhanced (gv;L or

x5, < 0.75), and double resolved enhanced subsamples (CI:.JYr

and x5, < 0.75). The data are compared to PYTHIA using
SaS 1D parton densities and a NLO perturbative prediction
using GRV-HO densities.

5. Event Shapes and o

Distributions of event shape variables are predicted
to various orders in pQCD. Fits to measurements
of these distributions may be used to determine the
value of the strong coupling constant. Studies at
LEP and HERA have used this technique to extract
measurements of o.

Preliminary results from the LEP QCD Work-
ing Group*! were presented at the conference. The
Working Group is charged with combining the vari-
ous event shape analyses from the four LEP exper-
iments to obtain the best statistical precision for
this measurement of a;. Combining four equally
weighted experiments would naively reduce statisti-



cal uncertainties by a factor of two and combining
different events shape measurements would reduce
the uncertainty further. However, different event
shape variables within a single experiment will not
be statistically independent in general, and consis-
tent treatments of systematic uncertainties must be
applied to combine results across experiments. The
LEP event shape analysis combines a total of 194
measurements spanning 4 experiments, 15 cms ener-
gies, and 6 shape variables.
The event shape variables studied include:

Thrust, T = 2 Ipm): i is chosen to be the

> vl

thrust axis nip such that the quantity T is max-
imized.

Heavy Jet Mass, My /+/s: Using a plane through
the origin and perpendicular to ny the event is
split into two hemispheres and invariant masses
are calculated using the particles in each hemi-
sphere. My is the larger of the two mass values.

Jet Broadening, By and By : Measure the broad-
ening of particles in transverse momentum w.r.t.
the thrust axis for all particles and those in the
hemisphere with the most broadening respec-
tively.

C-parameter, C: Based on eigenvalues of the mo-
mentum tensor of the event*?

Two-to-3 jet transition parameter, y3: Based
on Yeut, the jet resolution parameter in the
Durham scheme for combining particles into jet
clusters. ys is defined as the maximum value of
Yeut that produces three separate jets.

Each experiment provided results for the observ-
ables: thrust, heavy jet mass, C-parameter, wide and
total jet broadening. ALEPH and OPAL provided
measurements of —log(ys). Most measurements were
performed for cms energies between 91 and 206 GeV.
L3 additionally performed measurements between 41
and 85 GeV using radiative events at the Z° peak.

Experimental uncertainties are averaged over all
experiments for each variable to prevent bias in fa-
vor of experiments with the least conservative error
estimates. Monte Carlo generators are used to ac-
count for non-perturbative effects due to hadroniza-
tion effects. Hadronization uncertainties are esti-
mated based on the differences among the three gen-

Br
Bw I—!-O-I—v--v—i
All I—M—i
1 ‘ 1 ‘ 1 ‘ 1 3‘ 3 1 ‘ 1 ‘

0.100 0.105 0.110 0.115 0.120 0.125 0.130
as(Mz)

Figure 17. LEP combined as(M %) from event shape analyses
(preliminary) broken down as a function of each event shape
variable. The inner error bars and dashed band represent sta-
tistical errors. The shaded band and outer error bars represent
the total uncertainty in the measurement.

erators PYTHIA, HERWIG, and ARIADNE. Theo-
retical uncertainties are estimated by measuring the
scale dependence of the fits. Details may be found in
the References*?® The combination procedure takes
correlations between the measurements into account.
A 194 x 194 covariance matrix V is defined relating
the uncertainties for all pairs of as(M}Y) measure-
ments. The covariance matrix is expressed as the
sum of four sources of error:

Vvigotal _ Vvijtat + V;;:Cp + V;?adr + V'i?heo- (2)

Then the method of least-squares is used to cal-
culate the maximum-likelihood value of a,(MY).
Figure 17 shows the combined value of as(M2)
and individual values broken down as a function
of the six event shape variables. The prelim-
inary result for the combined measurements is:
as(M2) = 0.1201 £ 0.0003(stat.)40.0048(syst. ).

Figure 18 shows a summary of ag(M2) results
from hadronic processes with the new LEP measure-
ment included. While the most precise measure-
ments of as(Myz) come from I'(Z — 77) and 7 de-
cays, the hadronic processes offer a strong verifica-
tion of the Standard Model and in many cases their
ultimate precision is limited only by the availability
of higher order theoretical corrections.

Analyses have also been performed at LEP** and
HERA*%46 to extract as(Mg) from event shapes by
modeling non-perturbative effects via QCD inspired
power corrections. The non-perturbative effects in
event shape variables are taken to scale with powers
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ZEUS e+ Inclusivejet crosssectionsin yp
(hep-ex/0212064)
CDF ——e—— Inclusivejet cross sectionsin

(Phys Rev Lett 8 (2002) 042001)

ZEUS e Subjet multiplicity in DIS
(hep-ex/0212030)

Jet shapesin DIS
(Contributed paper to | ECHEPO1)

H1 e NLO QCD fit
(Eur PhysJ C 21 (2001) 33)
ZEUS i NLO QCD fit
(Phys Rev D 67 (2003) 012007)
H1 e Inclusivejet cross sectionsin DIS
(Eur PhysJ C 19 (2001) 289)
ZEUS Hre-t Inclusivejet crosssectionsin DIS
(Phys Lett B 547 (2002) 164)
ZEUS e Dijet cross sectionsin DIS
exper '%rar}re{tltal (Phys Lett B 507 (2001) 70)
eatY WORLD AVERAGE
theor?ti (S. Bethke, hep-ex/0211012)
uncertainty ‘ ‘
0.1 0.12 0.14

a(M)

Figure 18. Summary of measurements of as(Mg) from
hadronic processes. Inner (outer) error bars represent statisti-
cal (statistical4systematic) errors. Dotted lines show theoret-
ical uncertainties. All uncertainties are combined in the LEP
point.

of 1/Q and the model of Dokshitzer and Webber®”
is used to parameterize the infrared behavior of the
strong coupling by its mean value below a match-
ing scale p7. A recent fit*> from HI using power
law corrections to event shape distributions is shown
in Fig. 19. The event shape variables follow similar
definitions to the LEP analyses, for details see the
References*> This result verifies the universality of
power law corrections for event shape distributions.

6. Heavy Flavor Production

Figure 20 shows a preliminary measurement of the
inclusive b-jet inclusive cross section measured at
D@ using 3.4pb~! of integrated luminosity from the
Run II data. Events were selected with |np/¢!| <
0.6, E%Et > 20GeV and at least one muon satisfy-
ing [n*| < 0.8 and E%}. > 6GeV. Backgrounds to
muons from b decays were subtracted by fitting?® the
piet distribution? in each bin with signal and back-
ground components of the total pTTEZ calculated with
PYTHIA. The Run IT measurement is compared to
PYTHIA, and as observed previously,*® the cross sec-

dpr of muon measured relative to jet axis.

H1 preliminary

S 0.60- 'NLO(a2)+NLL+PC Fits |
8 : B stat. and exp. syst. errors
) - T Q >20GeV
= 055~
|z3 L

0.50

0.45- T

0'407‘ o ‘ﬂi \‘Norld‘aver?ge »

011 0.12 0.13
as(m ZO)

Figure 19. Mean values and lo contours of as(Mz) and ag
fitted to distributions of event shape variables from H1. g is
the effective value of the strong coupling constant below the
cut-off scale py.
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Figure 20. DO preliminary measurement of b production cross
section compared to a PYTHIA+CTEQ4M calculation. Only
the LO prediction is shown. Scale uncertainties are repre-
sented by the dashed lines.

tion is ~2 times larger than predictions.

CDF has shown a preliminary measure of charm
production in the cross sections for the D°, Dt and
D**. A measure of the cross section do /dpr (DY) for
DY production versus transverse energy is shown in
Fig. 21. The data are observed to lie above the NLO
calculations®® by a factor of ~1.7.

Both H1 and ZEUS have measured beauty
production®® in photoproduction and DIS events.
Preliminary results for beauty in photoproduction
for the process ep — ebbX — ejjuX is shown in
Fig. 22. All data points lie above the NLO QCD
prediction, but are in agreement within experimen-
tal errors.
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Figure 22. Ratio of the differential di-jet muon beauty cross
section do/dpl. (ep — ebbX — ejjuX) from H1 (—0.55 <
n* < 1.1) and ZEUS (—1.6 < n* < 2.3) to NLO QCD with
hadronization corrections. The shaded band shows the uncer-
tainty in the calculation due to scale variations.

Figure 23. Production of open charm and beauty at LEP2 in
two photon collisions proceeds primarily through either the
single resolved (a) or direct (b) processes shown above.
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Figure 21. The CDF ratio of cross section for D production
to NLO QCD prediction do/dpr(D°).
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Open charm and beauty production have been
studied at LEP in two photon collisions. The two
main contributions to the cross sections o(ete™ —
eteceX) and o(ete” — eTe bbX) are the direct
and single resolved processes illustrated in Fig. 23.
Figure 24 shows the LEP measurements of open
charm and beauty compared with the NLO QCD
predictions®' The charm rate agrees well with the
data, but requires the inclusion of the single resolved
process for agreement. Beauty production rates are
about a factor of two larger than predictions.

7. Summary

We continue to see tremendous progress in the ex-
perimental study of QCD at the world’s colliders.
The theory survives admirably, though increasingly
precise data highlight the need for further progress
in the theoretical calculations, particularly the need
for higher order corrections to confront increasingly
precise jet data. It will be interesting to see if other
advances, perhaps in resummation techniques, can
explain the trends toward higher cross sections for
heavy flavor production. On the experimental side,
work clearly remains on understanding kr jets at the
hadron colliders.
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Figure 24. Cross sections for production of open charm and
beauty at LEP2
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DISCUSSION

Lance Dixon (SLAC): I think you only showed us
Tevatron jet data using the Run I algorithm.
Are there Run II data using improved jet algo-
rithms, say, infrared-safe algorithms?

Robert Hirosky: Yes, in my discussion of the D@
data, I mentioned that jets are reconstructed us-
ing the Run II mid-point algorithm. That is an
infrared-safe algorithm.

Doris Kim (University of Illinois): You mentioned
that the charm and beauty cross section mea-
surements are larger in the data than in the
theory. I was wondering if, in your opinion, this
could be corrected by obtaining more accurate
parton distributions, or maybe there are some
missing charmonium processes, or if this should
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be corrected by NLO QCD?

Robert Hirosky: I think the recent work in resum-

mation and fragmentation functions that was
mentioned in Thomas Gehrmann’s talk holds
some promise and it will be interesting to first
see the effects of these improvements. For exam-
ple, the b-jet production cross section is typically
compared to calculations for b quarks. Thus,
fragmentation effects must be well understood.
Resummation effects are also important due to
the two scales in the problem. In this case we
have a jet of a certain py and a muon with a
second pr scale defined relative to the jet. So
I consider work in these two areas to be well
motivated.



