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Abstract. A selection of theoretical and experimental results are presented in the
broader context of understanding QCD and its relation to photon physics. A phenomenological analysis of HERA data to constrain the gluon content of the proton and
photon is discussed. Measurements from the Tevatron and fixed-target experiments
are compared to theoretical predictions. Finally, the future of higher order pQCD
calculations is addressed.

INTRODUCTION
In these proceedings, advances in understanding QCD are discussed in experiments which directly complement those where measurements of the photon structure are being made. For a generalised accelerator, where the incoming particles,
I1 and I2 resolve into partons, the cross section at leading order, dσI1 I2 →cd , can be
written as,
dσI1 I2 →cd =

XZ
ab

xI2

Z

xI1

fI2 →b (xI2 , µ2I2 )fI1 →a (xI1 , µ2I1 )M2ab→cd ,

(1)

where fI→b (xI , µ2I ), is the parton density function for a give momentum fraction, xI
and factorisation scale, µI and Mab→cd is the 2 → 2 matrix element. This entails
two or three unknowns; the perturbatively calculable matrix element and one or two
structure functions. From equation (1) it can be seen that other experiments, such
as the Tevatron, can provide complementary information on Mab→cd and therefore
indirectly help measurements of the photon structure function.

HERA PHOTOPRODUCTION DATA
Improvements in the understanding of pQCD for jet photoproduction have led to
the agreement bewteen independent calculations to within 5 − 10% [1,2]. Considering the cross section as a function of pseudorapidity of one jet whilst restricting

the other jet in the dijet system to a smaller region in pseudorapidity provides a
good test of dijet production and the structure of the photon [1].
In a recent paper [3], Aurenche et al. have considered using the HERA photoproduction data to constrain the gluon content of the photon and proton. The
distribution in xobs
γ , the fraction of the photon’s energy participating in the production of the two highest energy jets;
xobs
γ

=

P

jet

ETjet e−η
,
2yEe

jet1,2

(2)

where yEe is the initial photon energy, was considered in different regions of pseudorapodity of the jet. Requiring two jets, ETjet1,2 > 12, 10 GeV and the pseudorapidity, 0 < η jet < 1, the cross section shows a small dependence on the
gluon distribution in the photon. However, when the jets are constrained to be
more forward in pseudorapidity, 1 < η jet < 2, a significant sensitivity is seen at
low−xobs
γ . A change of 30% in the gluon density of the photon results in a 25%
change in the cross section at xobs
= 0.2.
γ
The NLO predictions are then compared to published data from the ZEUS collaboration [1], in which two jets, ETjet1,2 > 14, 11 GeV, are required to be within
−1 < η jet < 2. The comparison is shown in Figure 1, where one jet is restricted
to be in the forward region, 1 < η jet < 2 (Figure 1a) and the rear direction
−1 < η jet < 0 (Figure 1b).
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FIGURE 1. The NLO cross section dσ/dη2 compared to ZEUS data. In (a) the central prediction is the solid line and increasing the gluon content of the photon is the dashed line. In (b) the
central prediction is the solid line and decreasing the gluon content of the proton is the dashed
line. The dotted lines in (a) and (b) are changing the y distribution (from [3]).

In Figure 1a, increasing the gluon density in the photon by a value of 20%
improves the description of the data at large values of η2 , increasing the cross section
by ∼ 10%. At negative values of η2 , the prediction remains the same and is larger

than the data, however this region is subject to large hadronisation corrections.
When the jet is in the rear direction as in Figure 1b, the cross section is less sensitive
to the photon structure function and more so to the proton structure function.
Decreasing the gluon density of the proton by 20% in this region improves the
description of the data. However, it should again be noted that the hadronisation
corrections increase with decreasing η2 .
Aurenche et al. conclude that the HERA data indicates a roughly 20% increase
in the gluon content of the photon and a 20% decrease in the gluon content of the
proton. The errors on the measurements are, however, as large as the change in
cross section of these variations. Improved measurements are needed with larger
statistics and are being investigated by both the H1 and ZEUS collaborations [4,5].

TESTS OF QCD
Tests of QCD from other experiments, such as those at the Tevatron, complement those at HERA and LEP, with the Tevatron having the advantage of a better constrained incoming particle, the proton. Roughly, where HERA finishes;
ETjet ∼ 50 GeV and Mjj ∼ 200 GeV, the Tevatron starts, providing overlap between the experiments at the different colliders. A selection of results of relevance
to high−ET measurements at HERA and LEP will be discussed. In particular,
high−ET jet production, jet substructure and prompt photon production will all
be discussed later in the proceedings from at least one of the HERA or LEP experiments [6–8].

High−ET jet production
Inclusive jet measurements at the Tevatron extend to values of
ETjet ∼ 450 GeV [9], falling by ∼ 7 orders of magnitude as in Figure 2. The
NLO prediction describes the data from the D0 collaboration very well, with the
CDF data lying above the prediction at high transverse energies, which could be a
signal for new physics such as quark substructure. However, the proton structure
function is less well constrained at these large scales and the question of whether
the data can be accomodated in a change of the proton PDF arises.
In Figure 3, the data is compared to the same calculation with three different
proton structure functions. The MRST PDF gives a generally poor description of
both the CDF and D0 measurements at low and high transverse energies. The
CTEQ4M proton PDF gives a good description of the D0 data but inadequately
describes the CDF data at high transverse energies. The CTEQ4HJ PDF includes
the CDF data from Run IA in its fit, so would be expected to describe the Run IB
data shown better than the other structure functions. This modified PDF describes
well the D0 and the newer CDF data.
The comparison of data and theory clearly displays how understanding the parton
density functions is essential in interpreting measurements in terms of new physics.
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FIGURE 2. Inclusive jet cross sections from the (a) D0 (from [10]) and (b) CDF (from [11])
√
collaborations at s = 1800 GeV. The measurements are compared to NLO predictions.

(D-T)/T

Data to be and already analysed at HERA will allow the proton PDF to be further
constrained at higher scales and hence more accurate predictions for the Tevatron
measurements in Run II.
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FIGURE 3. Relative difference of data and theory for inclusive jet cross sections from D0 [10]
√
and CDF (from [11]) at s = 1800 GeV. The data is compared to three proton PDF’s.

√
The Tevatron also produced
data
at
centre-of-mass
energies,
s = 630 GeV,
√
lower than the nominal s = 1800 GeV. Comparing the cross sections at the two

Ratio of Scaled Cross Sections

different energies provides a test of QCD whilst reducing systematic uncertainties
on the measurement and the sensitivity to the choice of proton PDF. Figure 4a
√ T for both
shows the ratio of the inclusive jet cross sections as a funtion of xT ≡ 2E
s
CDF and D0 data compared to NLO predictions. The reduction in the uncertainty
in the choice of proton PDF can be seen in the difference of the prediction given
by the three lines. At moderate and large xT , the data agree well between the two
collaborations, however at low xT , the data sets diverge. At these lower values of
xT , the data suffer from possible problems of understanding the soft underlying
event, which, both experiments correct for. The data also lie consistently below
the prediction at the scale, µ, chosen. Reasons for the discrepancy are unclear,
with possible interpretations being the use of different renormalistion scales or kT
effects, although neither of these are attractive explanations.
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FIGURE 4. (a) Ratio of scaled cross sections ( s = 630 GeV/ s = 1800 GeV) compared
to an NLO calculation with three proton PDF’s. (b) Relative difference of dijet invariant mass,
measured by CDF and D0, compared with an NLO prediction (from [11]).

Consideration of the invariant mass of the dijet system, like the inclusive jet
cross section, provides both a test of QCD and the opportunity to search for new
physics. Figure 4b shows the comparison of both experiments, CDF and D0, with
an NLO prediction, where the two measurements are defined with jets in different
angular regions. The measured data agree very well between experiments and with
the theory. There is a tendency for the data to deviate from the prediction at high
masses, but the systematic errors are too large to make any firm conclusions.

Jet substructure
Jet substructure has been studied at the Tevatron by considering both the jet
shape and subjet multiplicity. Rerunning the kT algorithm on those particles as-

signed to jets and stopping the clustering when all values of dij satisfy dij > ycut ET2
gives numbers of subjets as a function of ycut . Figure 5 show two different measurements of subjets using the kT algorithm [12,13], where Figure 5a shows a comparison
of the number of subjets in data and different MC’s and Figure 5b shows how the
subjet multiplicity can be used to differentiate between quark and gluon jets. The
jets measured in Figure 5a are above 250 GeV, which means that the scale being
studied at the lowest ycut is about 1 GeV. When one considers this range in scale,
the description of the data by Herwig is extremely good. Figure 5b demonstrates
a method √
for separating quark and
√ gluon jets based on a statistical subtraction for
events at s = 630 GeV and s = 1800 GeV. As expected, gluon jets show
more activity than quark jets. A method for distinguishing quark and gluon jets
has also been developed by the ZEUS collaboration [8].

FIGURE 5. (a) Ratio of the multiplicity of subjets for data and MC for ETjet > 250 GeV
(from [12]). (b) Corrected subjet multiplicity in q and g jets extracted from D0 data (from [13]).

Prompt photon production
Extensive measurements have been made and much theoretical work performed
on prompt photon production at the Tevatron and fixed target experiments. Standard NLO perturbative calculations are unable to adequately describe the data at
the Tevatron as shown in Figure 6a. Here, it can be seen that the data rise dramatically at low−pT , the shape of which cannot be reproduced with a simple variation
of the scale. The data can be described, however, by including an “intrinsic kT ” for
the partons in the proton. Figure 6b shows the calculation rising at low−pT when
a value of < kT > = 3.5 GeV is used [14]. The use of intrinsic kT is somewhat
unsatisfactory, differing between data sets and centre-of-mass energies.
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FIGURE 6. (a) CDF prompt photon production data compared to NLO predictions (from [11]).
(b) CDF and D0 data compared to NLO predictions with intrinsic kT and a value of
< kT > = 3.5 GeV (from [14]).

Prompt photon production has been extensively measured in fixed target experiments which have been compared with NLO predictions [15]. The NLO calculation
from Aurenche et al [15] is able to describe all the fixed target data above a cut-off,
ET ≥ 4 − 5 GeV except that from E706. The ratio of data to theory is shown√in
Figure 7a, where the E706 data is shown to dramatically rise at low xT = 2pT / s.

FIGURE 7. (a) Fixed target prompt photon data compared to NLO (from [15]). (b) Data from
E706 compared to NLO predictions which have resummed large logarithms in xT (from [16]).

Calculations resumming large logarithms in xT [16] are also unable to describe
the E706 data as shown in Figure 7b, although one would expect the resummation
to improve the high−pT and not low−pT region. Figure 7b also demonstrates how

the resummation reduces the scale uncertainty in the calculation. Calculations in
which QT , the nett transverse momentum of the final state γq pair, is resummed [17]
improve the description of the E706 data at low pT , although the NLO prediction
is still too low. HERA data can provide useful informationon on intrinsic kT , by
filling the energy “gap” between the fixed target and Tevatron experiments [7].

HIGHER ORDER CALCULATIONS
The last few years have seen large advances in producing higher order calculations for the production of two or three jets [18,19]. Calculations of NLO 3−jet
hadroproduction are becoming available and NNLO 2−jet hadroproduction will
be produced sometime in the future. The needs for a 3−jet NLO calculation are
many [18]. Measuring the 3−jet to 2−jet production ratio and hence αs will be
possible with a 3−jet NLO calculation. As well as testing QCD, the calculation
will provide a better understanding of backgrounds to new physics processes. It is
also an important step towards calculating NNLO 2−jet production.
Figure 8 shows the predicted cross section for the highest-transverse-energy jet
in 3−jet hadroproduction for both LO and NLO and their respective estimtaions
of the scale uncertainty. The central NLO and LO predictions are of similar value,
however, NLO shows a large reduction in the scale uncertainty over LO.
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FIGURE 8. Predicted cross section for the highest-transverse-energy jet for 3−jet hadropro√
duction ( s = 1800 GeV) where, ETjet1 > 100 GeV, ETjet2,3 > 50 GeV and |η jet | < 4. The LO
prediction with an estimtaion of the scale uncertainty is given by the lines and the NLO prediction
with the corresponding estimtaion of the scale uncertainty is given by the points (from [18]).

Progress on calculations of NNLO 2−jet hadroproduction has been good over the
last two years and the interested reader is referred to recent talks on the subject [19].

A NNLO calculation for the production of two jets is anticipated in a few years
where a reliable estimate of the error on the cross section will be acheived.

CONCLUSIONS
From the results presented, it can be seen that the theory of pQCD broadly
describes the theory of the strong interaction. However, more detail both experimentally and theoretically is required to test QCD to great precision. This can
also be acheived by considering the information from all experiments and what
their results mean for each other.
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