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4 QCD studies with ATLAS at the LHC
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The study of QCD processes at the LHC will serve two main goals. First, the predictions of Quantum Chro-

modynamics will be tested and precision measurements will be performed, allowing additional constraints to be

established, and providing measurements of the strong coupling constant. Second, QCD processes represent a

major part of the background to other Standard Model processes and signals of new physics at the LHC and

therefore need to be understood in depth. An overview of various measurements of QCD-related processes to be

performed at the LHC is presented, based on final states containing high-pT leptons, photons and jets. Moreover,

possible deviations from QCD predictions indicating presence of new physics are discussed.

1. INTRODUCTION

The Large Hadron Collider (LHC) is a proton-
proton collider with a 14-TeV centre-of-mass en-
ergy planned to be operated at a luminosity of
1034 cm−2s−1. This luminosity will result in
large event samples for most processes such as
∼ 108 leptonic W decays, ∼ 104 photons with
pT > 500 GeV and ∼104 jets with pT > 1 TeV.
With these data, the theory of strong interac-
tions will be precisely tested and detailed mea-
surements can be performed leading to new in-
formation on the parton densities of the proton
and possibly to constraints of the strong coupling
constant in yet unexplored regions. Figure 1 dis-
plays the region in the (x,Q2) plane which will be
covered by LHC in comparison with HERA and
fixed-target experiments.

This report presents an overview of QCD stud-
ies at the LHC, assuming the expected perfor-
mance of the ATLAS experiment, which is briefly
described in Section 2. First, issues related
to minimum-bias events (Section 3) and hard
diffractive scattering (Section 4) are presented.
Next, the information to be deduced from the
measurements of jets (Section 5) is described, fol-
lowed by a section on photon physics (Section 6)
and one concerning the production of Drell-Yan
pairs and heavy gauge bosons (Section 7). In Sec-

tion 8, the production of heavy flavours is dis-
cussed. Before concluding, the discovery of new
physics, such as quark compositeness, through
the observation of deviations from QCD predic-
tions is addressed. More details on QCD studies
in ATLAS can be found in Ref. [1].
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Figure 1. Parton kinematics at the LHC in the
(x,Q2) kinematic plane for the production of a
particle of mass M at rapidity y [2].
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Table 1
Basic performance characteristics of the ATLAS detector for the LHC.

Detector sub-system Performance

Tracking (Si + transition radiation detector) σ/pT ≃ 5 · 10−4 pT(GeV) + 1%

EM calorimeter (Pb + liquid Ar) σ/E ≃ 10%/
√

E(GeV)

Hadronic barrel calorimeter (steel + scintillator) σ/E ≃ 50%/
√

E(GeV) + 3%

Hadronic end-cap calorimeter (Cu/W + liquid Ar) σ/E ≃ 60%/
√

E(GeV) + 3%

Muon spectrometer (air toroidal magnet) σ/pT ≃ 10% at pT∼ 1 TeV

2. THE ATLAS EXPERIMENT

The ATLAS detector [3] is a general-purpose
experiment designed to be sensitive to the vari-
ous physics processes expected to take place at
the LHC. The design luminosity of 1034 cm−2s−1

will allow for high-statistics samples to be col-
lected, resulting in measurements limited in pre-
cision mostly by systematic uncertainties. Most
of the QCD-related studies will take place dur-
ing the initial operation at a (low) luminosity of
1033 cm−2s−1, delivering a total of 10 fb−1 per
year.

Figure 2. Schematic view of the ATLAS detector.

This hermetic apparatus provides pseudorapid-
ity coverage of up to |η| < 2.5 for tracking, ex-
tended to |η| < 5 for calorimetry, while muons
will be accurately measured up to |η| < 2.7.
It comprises a high-performance tracker consist-
ing of silicon detectors and a transition radiation
tracker in a 2-T solenoidal magnetic field, a high-
resolution electromagnetic calorimeter based on
lead/liquid argon, a hadronic calorimeter com-
bining steel/scintillator and Cu-W/liquid argon,

and a large muon spectrometer embedded in an
air-core toroidal magnet. The basic performance
parameters of these systems are given in Table 1
and a schematic view of the ATLAS detector is
shown in Fig. 2.

3. MINIMUM-BIAS INTERACTIONS

Due to the high luminosity at the LHC, there
will be up to an average of 25 inelastic collisions
per bunch-crossing. In order to understand pre-
cisely their contribution to the measured quanti-
ties for the hard scattering events of interest, a de-
tailed knowledge of the structure of the minimum-
bias events is required.

Figure 3. Charged particle density dNch/dη at
|η| = 0 as a function of

√
s [4]. PYTHIA and

PHOJET predictions are compared with UA5
and CDF data.
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Several studies have been done performing
comparisons between various Monte Carlo simu-
lation programs. In particular [4], PYTHIA6.200
[5] and PHOJET1.12 [6] predictions are found to
be in good agreement with experimental data for
energies below 800 GeV, as far as the inelastic
cross section is concerned, however they diverge
at the level of ∼15% at higher energies. Figure 3
displays the charged particle density dNch/dη at
|η| = 0 as a function of

√
s per pp collision.

The generators predictions are compared with
experimental data from UA5 [7] and CDF [8].
PYTHIA6.200 provides a better description for
energies up to ∼3 TeV, nevertheless the extrapo-
lation of the fit-to-experimental-data to the LHC
energy favours PHOJET1.12. More studies are
needed to develop accurate theoretical models for
minimum-bias events.

4. HARD DIFFRACTIVE PROCESSES

The understanding of diffractive phenomena,
i.e. processes that arise from the exchange of
colour-neutral objects, has received revived atten-
tion in the last few years due to the appearance of
hard diffractive process, i.e. diffractive processes
in which a hard scatter takes place. They appear
either as single (AB → AX or AB → BX) or dou-
ble (AB → ABX) diffractive processes. Diffrac-
tive events are characterized by the occurrence
of large rapidity gaps and, in the case of single-
diffractive events, by the appearance of a leading
hadron, i.e. a hadron with a momentum close to
the beam momentum separated from the diffrac-
tive final state X.

The advantage of the LHC is in the production
of diffractive final states with large masses, allow-
ing the probing of partonic structure with a vari-
ety of different processes [9]. A selection of events
with two leading protons or rapidity gaps on
both sides of the detector transforms the proton-
proton collider into a Pomeron-Pomeron collider
with variable beam energy, where the maximal
centre-of-mass energy ranges between the one of
the Spp̄S and the Tevatron collider.

An extension of the LHC detectors in the very
forward region beyond |η| = 5 (Roman Pot sys-
tems more than 100 m away from the interaction

10
-11

10
-9

10
-7

10
-5

10
-3

10
-1

1

0 1000 2000 3000 4000 5000

0 < |η2| < 1

1 < |η2| < 2

2 < |η2| < 3

0 < |η1| < 1

leading Jet ET [GeV]

dσ
/d

E
T
 [n

b/
G

eV
] NLO QCD

Figure 4. Di-jet cross section at hadron level with
a leading jet with |η1| < 1 for different ranges of
the pseudorapidity of the second leading jet as
obtained from PYTHIA (points) and from a NLO
Monte Carlo calculation (solid line) [12].

point) is planned by the CMS [10] (TOTEM [11]
detector) collaboration and is under study by the
ATLAS collaboration. It would increase the ac-
ceptance for charged particles from inelastic inter-
actions and provide tagging and measurements of
leading protons from elastic and diffractive inter-
actions.

5. JET SIGNATURES

Measurements of jets allow conclusions to be
drawn on the hard scattering process taking into
account the evolution of the partonic system from
the hard scattering to the observed set of hadrons,
i.e. the parton showering, the fragmentation, the
short-lived particle decays and the multiple inter-
actions [12]. Important systematic uncertainties
(the statistical ones are small at the LHC) are,
e.g., the jet algorithm, the energy scale (especially
at very large ET) and the underlying event.

The expected statistics for inclusive jet pro-
duction at the LHC for an integrated luminos-
ity of 30 fb−1 amounts to 4 · 104 events with
Ejet

T > 1 TeV, 3000 events with Ejet
T > 2 TeV and

∼ 40 events with Ejet
T > 3 TeV. Figure 4 shows

the di-jet differential cross section for different jet
rapidities and for a minimal transverse energy of
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180 GeV. The measurement of di-jet events and
their properties for different values of the mini-
mal ET and of the two jet pseudorapidities can be
used to constrain the parton densities inside the
proton in various kinematic regions of the (x,Q2)
plane.

A study [13] was carried out by ATLAS to eval-
uate a method which allows the extraction of the
strong coupling constant, αs, from an inclusive
jet cross section measurement based on a param-
eterization of the αs dependence. The approach
taken is to fit the jet cross section as a function
of ET and αs(ET) in two ranges of pseudorapid-
ity and study its sensitivity to different sets of
parton distribution function (pdf). By inverting
this fit, the determination of αs(ET) is possible.
An example of this analysis is shown in Fig. 5,
where both the generated and reconstructed val-
ues of αs(ET) are plotted. The residual bias in
terms of αs(ET) is in average of the order of a
few percent. The results indicate that αs can be
determined with an overall precision of ∼10%, in
which the contribution to the uncertainty from
our knowledge of pdf’s is ∼3%.

MRSAP, Λ = 564 MeV

Λ generated 564 MeV

Λ reconstructed 549 MeV

ECM= 14 TeV, -1.5 < ηjet < 1.5
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Figure 5. Extracted values of αs(ET ) (points),
fitted with the evolution function to determine
Λ

(4)

MS
(solid line) and the evolution used in the

generation of the cross section (dashed line) [13].

6. PHOTON SIGNATURES

Direct photon measurements can provide im-
portant constraints on parton distributions, espe-
cially on the gluon distribution in the proton. The
advantage of photon measurements is the better
energy determination in comparison to jet mea-
surements. In the case of photons, however, the
experimental background due to jets containing
a leading π0 has to be well understood. Photon
identification in ATLAS is based on the shower
shapes in the calorimeters, conversion reconstruc-
tion and a track veto. However, γ/jet separation
power can be enhanced if isolation criteria [14]
are applied around the shower, i.e. no significant
hadronic activity is allowed in a cone around the
photon direction. Figure 6 shows the dependence
of the jet rejection on the transverse energy at
low luminosity with and without isolation cuts.
For an 80% photon efficiency for photons from
H → γγ decays, a jet rejection of 1440 (880) is
achieved at low (design) luminosity.

Figure 6. Jet rejection after photon identifica-
tion and isolation cuts as a function of the jet
ET at low luminosity. The tuning was done so as
to achieve an 80% efficiency for photons coming
from Higgs decays [14].

The direct production of photons can provide
sensitivity to the gluon density in the proton
via the QCD Compton process, qg → γq [15].
Figure 7 displays the differential cross section
for direct photon production with an opposite-
side jet (150◦ < ∆φγ−jet < 210◦) for the LHC en-
ergy. The QCD Compton process clearly domi-
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nates over the annihilation graph, qq̄ → γg. The
CTEQ4L [16] set is used for the parameterization
of the proton, while other sets such as CTEQ4HJ,
MRS(A) [17] and GRV94HO [18] give similar re-
sults within 10%.

Figure 7. Direct photon production with an
opposite-side jet as a function of pγ

T obtained
from PYTHIA and the CTEQ4L structure func-
tion [15].

The method used to extract the gluon structure
function, xG(x), is based on fitting the γ− jet
cross section with the theoretical prediction at
LO. In this example, the MRS(A) set is used to
parameterize the quarks pdf’s and the CTEQ set
is adopted for xG(x). The results for the gluon
density in the proton are shown in Fig. 8 in com-
parison with UA2 [19] data and the HMRS B1
[20] theoretical prediction, with which they are
in good agreement. The gluon density can be
determined in the range 0.005 < x < 0.04 and
440 GeV2 < Q2 < 2 ·104 GeV2 with a systematic
error of 10–20%, which can be reduced if NLO
calculation is used for the cross section.

7. LEPTONIC FINAL STATES

The measurement of Drell-Yan lepton pair pro-
duction and the production of W and Z bosons
(with a leptonic decay to electrons or muons) will
allow constraints to be set on the quark and anti-

Figure 8. Comparison between theoretical predic-
tion, ATLAS simulated data and data from the
UA2 experiment [15].

quark densities of the proton at a scale given by
the invariant mass of the lepton pair or by the
W/Z boson mass over a wide range in Bjorken x
[1]. QCD effects enter the cross section of these
processes only in the initial state, making thus
the measurements less uncertain.

For an integrated luminosity of 30 fb−1, about
105 events are expected which contain a W bo-
son with pW

T > 400 GeV decaying to electron or
muon and a neutrino. The expected number for
Z production is smaller by an order of magnitude.
Given the large statistics and the clean signatures
expected for W and Z production, there is a pos-
sibility to use these processes for a precise deter-
mination (at a level of few percent) of the parton-
parton luminosity. Furthermore, the production
of gauge boson pairs will provide the opportunity
to study electroweak parameters such as the triple
gauge boson couplings.

8. HEAVY QUARKS

The production of heavy quarks, due to the
quark mass involved, provides an important pro-
cess for the study of perturbative QCD and of
non-perturbative aspects. The total cross section
for charm production is 7.8 mb, the one for beauty
production is 0.5 mb, while the top-pair produc-
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tion cross section is about 0.8 nb.
Due to a large beauty production cross section

and a selective trigger, ATLAS can reconstruct
large samples of exclusive B-hadron decays [21].
Statistically dominant are the exclusive channels
with J/ψ → µµ, which will allow measurements
up to pT ∼ 100 GeV with negligible statistical
errors (∼2000 events with pT > 100 GeV).

Figure 9. Different mechanisms contributing to
azimuthal µµ correlations at the LHC: flavour ex-
citation gb → gb (dash-dotted line), gluon-gluon
fusion gg → bb̄ (dotted line), gluon-gluon scat-
tering followed by gluon splitting gg → gg with
g → bb̄ (dashed line), and the sum of all contri-
butions (solid line) [21].

Correlations between b and b̄ quarks, which
were difficult to be studied in previous experi-
ments due to limited statistics, will be investi-
gated in detail. In Fig. 9 the expected azimuthal
correlation ∆φµµ between the muons from the b
and b̄ decays is shown, which provides informa-
tion on the b−b̄ correlation. The domain of back-
to-back kinematics, ∆φµµ ∼ π, is mostly popu-
lated by LO QCD contribution. In contrast, the
effects of higher orders are more pronounced in
the ∆φµµ ∼ 0 region, which is free of the LO
contribution.

Possible deviations from QCD expectations
(like new s-channel resonances) should give char-
acteristic signatures in the invariant mass of the
t̄t pair, hence the study of such kinematical distri-
butions is important. Besides that, the extraction
of the H/A → t̄t decay requires a precise knowl-

edge on the invariant mass distribution, which
represents a background process for this channel.
Within perturbative QCD the total cross section
for top pair production in higher-order correc-
tions is sensitive to the top mass and the scale
uncertainty. An error of 1% on the top mass cor-
responds to an error of 5% in the total t̄t cross sec-
tion [1]. Assuming a top quark mass of 175 GeV,
the total cross section for t̄t production is 803 pb
at NLO and 833 pb for NLO including the NLL
resummation.

9. QUARK COMPOSITENESS

The observation of deviations from QCD pre-
dictions of jet rates will reveal new physics such as
quark compositeness [22] or the existence of new
particles. Measuring the inclusive jet cross sec-
tion and studying the di-jet mass spectrum and
angular distributions are essential tests of QCD.

In the study [23] carried out by ATLAS,
the quark substructure, which manifests itself
over a compositeness scale Λ, is simulated with
PYTHIA [5]. The data simulated in the frame-
work of the Standard Model (SM) are compared
with those obtained assuming quark composite-
ness.

Figure 10. Difference between the SM prediction
and the effect of compositeness on the jet ET dis-
tribution, normalized to the SM rate for an inte-
grated luminosity of 300 pb−1 [23].
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Figure 10 shows the effect of compositeness (all
quarks are assumed to be composite) on the inclu-
sive jet energy spectrum, normalized to the SM
prediction. The deviation is significant only for
large values of ET. However such a signal may
be faked either by the uncertainties in the pdf’s
(equivalent to a signal for Λ = 15 TeV) or by
the non-linear response of the hadron calorime-
ter. The pdf’s are expected to be further con-
strained before and after LHC starts running (by
LHC as well), eliminating thus this background
source. If, on the other hand, the calorimeter
non-linearity was understood at the 1.5% level, a
sensitivity at 95% confidence level (CL) up to Λ
equal to 25 (40) TeV for 30 (300) fb−1 should be
feasible.

Figure 11. Di-jet angular distribution for di-jet
mass above 5000 GeV for an integrated luminos-
ity of 300 pb−1 [23].

The angular distribution of the jets is more sen-
sitive to compositeness signals than the jet trans-
verse energy spectrum and less susceptible to
calorimeter non-linearities. The analysis is made
in terms of the angular variable χ ≡ exp |η1−η2|,
where η1,2 are the pseudorapidities of the two
leading jets. Figure 11 shows the deviation of the
di-jet angular distribution from the SM predic-
tions for invariant di-jet mass larger than 5 TeV.
It is clear that quark compositeness leads to an
enhancement in the distribution at low values of

χ when compared with the SM predictions.
In conclusion, the study demonstrates that the

high-mass di-jet angular distribution has an ex-
cellent discovery capability for quark composite-
ness. One month of LHC operation at low lu-
minosity allows discovering quark substructure if
the constituent interaction constant is 14 TeV.
An integrated luminosity of 300 fb−1 is needed to
reach a 95% CL limit of 40 TeV.

10. SUMMARY

A variety of QCD-related processes can be
studied with the ATLAS detector at the LHC.
These measurements are of importance as a study
of Quantum Chromodynamics, accessing a new
kinematic regime at the highest energy accessible
in a laboratory. A precise knowledge and under-
standing of QCD processes is also essential for
the studies of the Higgs boson(s) and searches for
new physics beyond the Standard Model, where
QCD represents a large part of the background.

Candidate signatures to provide constraints on
the quark and anti-quark distributions are the
production of W and Z bosons via the Drell-
Yan process as well as lepton pair production in
general. The production of direct photons, jets,
beauty and top quarks can be used to acquire in-
formation on the gluon density in the proton.

The precise measurement of the inclusive jet
cross section will allow constraints to be set on
the strong coupling constant with an uncertainty
of ∼ 10%. Furthermore, a possible discrepancy
between the observed and the theoretically pre-
dicted cross section may indicate the discovery of
new physics like quark compositeness.

The LHC will extend the kinematic range to
larger values of Q2, the hard scale of the partonic
scale, reaching scales of the order of 1 TeV2. The
fraction of the proton momentum attributed to a
parton, x, will access values below 10−5 with an
energy scale above 100 GeV2.
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