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Experimental aspects of QCD studies at the LHC

S. Tapprogge®*
2CERN, EP Division, Geneva

The LHC will allow precision tests and measurements of QCD in as yet unexplored kinematic regions. The de-
tailed understanding of QCD is important for almost all physics processes to be studied at LHC, as the production

mechanisms are mostly controlled by QCD.

The multi-purpose detectors (ATLAS and CMS) have been optimized for precision measurements within pseu-
dorapidities of || < 2.5 and have calorimetric coverage up to || = 5. The expected performance will allow precise
studies of final states containing electrons, photons, tau’s (single hadrons), muons and jets.

This contribution discusses various measurements of QCD processes at LHC, the kinematical reach and the

expected statistical uncertainties for selected examples.

1. Introduction

The production mechanisms for most processes
at LHC will be controlled by QCD and a detailed
understanding of these is mandatory for preci-
sion measurements, like the mass of the W boson.
Furthermore proton-proton collisions at a centre-
of-mass energy of /s = 14 TeV will represent a
regime, where QCD as the theory of strong inter-
actions can be precisely tested at the highest en-
ergy. Besides these tests, studies of QCD related
processes at LHC will allow for detailed measure-
ments leading to new information on the parton
densities of the proton and possibly also measure-
ments of the strong coupling constant, both in as
yet unexplored kinematical regions. The transi-
tion between perturbative and non-perturbative
QCD could be studied using hard diffractive scat-
tering, which poses significant experimental chal-
lenges due to the harsh LHC environment.

This report presents an overview of QCD stud-
ies at LHC and discusses several related experi-
mental aspects. First, a brief description of the
ATLAS and CMS detectors is given, followed by
a discussion of minimum bias events and their
properties. Next, issues related to hard diffrac-
tive scattering are presented together with possi-
ble experimental selections of this type of events.
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Then, the production of jets, photons, Drell-Yan
pairs and W /Z bosons and heavy quarks is dis-
cussed, together with a description of the possible
influence of these measurements on the knowledge
of parton densities.

2. The ATLAS and CMS detectors

The ATLAS[1] and CMS[2] detectors are the
two general purpose 47 detectors for LHC. Both
detectors will have silicon pixel and silicon strip
detectors mounted close to the interaction region,
allowing robust tracking and precise vertex mea-
surements. They are followed by a transition
radiation tracker in ATLAS and microstrip gas
chambers in CMS. In case of CMS, the track-
ing volume is surrounded by calorimetry (lead
tungstate crystals in the e.m. compartment and
copper-scintillator sandwich structures for the
hadronic part), followed by a 4 T solenoid. The
return yoke of the magnet is instrumented with
muon chambers. In case of ATLAS, the track-
ing detectors are surrounded by a 2 T solenoid,
which is located in front of the calorimetry (lig-
uid Argon (LAr) based for the e.m. part and a
combination of scintillator based and LAr based
sampling calorimeters for the hadronic part). The
muon measurement in ATLAS is performed by an
air-core toroid system with muon detectors.

Both detectors have been optimized in terms of
lepton (esp. electron and muon), photon, jet and



missing Er measurements for precision measure-
ments within the Standard Model and searches
for the Higgs boson(s) and for physics beyond the
Standard Model. The precision measurements of
leptons and photons are performed over the range
In| < 2.5, whereas the acceptance for jets and for
the measurement of missing Ep extends up to
In| = 5.

An additional challenge is to provide an effi-
cient trigger system, which has to reduce an in-
teraction rate of 10° Hz to about 100 Hz going to
mass storage. Both detectors will have a first level
trigger realized in hardware, using information
only from the muon systems and the calorimeters
(in a coarse granularity). The maximal latency
is 2.5 ps (ATLAS) and 3 ps (CMS). The higher
trigger levels will provide flexibility in the algo-
rithms to be executed and offer access to the full
granularity data from all sub-detectors, to achieve
the necessary rejection from O(100) kHz after the
first level.

Due to the large number of events available in
control samples such as Z — IT1~, v(Z) + jet
and W — jet + jet (from top quark decay), a
precise determination of the energy scale for lep-
tons (to an accuracy of better than 0.1 %) and jets
(to an accuracy of 1 %) will be possible. These
uncertainties are going to be in many cases the
limiting experimental systematic uncertainties for
precision measurements. Measurements of cross-
sections however will most likely be limited by
the accuracy of the measurement of the absolute
value of the luminosity; the expected uncertainty
is estimated to be about 5—10 %. Studies are on-
going to reduce this value by using precisely cal-
culable reactions (like two photon production of
muon or electron pairs), which might allow to re-
duce the uncertainty on the luminosity measure-
ment to 1 — 2 %.

The results presented in this contribution are
mostly from ATLAS (based on [3]), however a
quite similar reach and potential is expected for
CMS. The differences in the design of the detec-
tors should provide cross-checks on experimental
sources of systematic uncertainties. More details
on the studies presented here can be found in [3].

3. Minimum bias events
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Figure 1. Charged particle density dN.;/dn as a
function of pseudorapidity n at LHC as predicted
by different models.

A precise knowledge of the properties of min-
imum bias events is important for running at
the LHC design luminosity of 103* em™2s7!. In
these conditions, on average 25 inelastic inter-
actions are expected every bunch-crossing (i.e.
every 25 ns). Within |n| < 2.5 in total about
1000 charged particles are expected from these
events. The uncertainties in the present mod-
elling of minimum bias events can be seen in fig-
ure 1, which shows the charged particle density as
a function of pseudo-rapidity for different mod-
els. The models used (except 'PYTHIA 6.122 -
A’ which overestimates the charged particle den-
sity by about one unit) are able to describe avail-
able data from Tevatron at /s = 1.8 TeV. Var-
ious settings of the PYTHIA model are shown,
which lead to differences of < 1 charged particle
per unit of pseudo-rapidity. The predictions of
PHOJET, HERWIG and ISAJET are generally
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Figure 2. Transverse momentum cross-section

E- d?’a/ dp? for charged particles at LHC as pre-
dicted by different models.

lower by about 2 — 3 charged particles per unit of
pseudorapidity. These differences are also present
at /s = 1.8 TeV, however their magnitude is re-
duced. It should be noted, that for HERWIG and
ISAJET no attempt was made to include contri-
butions from hard scattering (as done in the case
of PYTHIA and PHOJET). This is clearly seen
in figure 2, where the cross section for charged
particle production (at central rapidity y = 0) is
shown as a function of the transverse momentum
pr of the particle. HERWIG and ISAJET predict
a too steeply falling spectrum (this also holds at
/s = 1.8 TeV, where data are not described by
these two models).

Not only the single particle production needs to
be measured and understood, also the structure of
low Er jets ("mini-jets’) is important. For several
hard scattering processes a veto on additional jet
activity is going to be used to enhance the signal
and suppress background contributions.

4. Hard diffractive scattering

One of the characteristic signatures of diffrac-
tive scattering in hadron-hadron collisions is the
appearance of one (or both) of the initial state
hadrons in the final state with a momentum
close to the beam momentum (so called ’leading
hadron’).
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Figure 3. Single hard diffractive scattering (up-
per plot) and central hard diffractive scattering
(lower plot). For both cases, the phase space in
1 — ¢ is also shown.

As first observed by the UAS8 collaboration [4],
events of diffractive nature can contain a hard
scattering (leading to production of jets). In
case of single diffractive scattering (pp — p +
jet(s) + X, as shown in the upper part of fig-
ure 3) and of central diffractive scattering (pp —
p+ jet(s) + X + p, as shown in the lower part of
figure 3), the final state is characterized further
by the appearance of one (or two) rapidity gaps.
These regions in the 17 — ¢ space without particle
production separate the leading proton(s) from
the system X + jet(s).

In figure 4 the cross-section for di-jet produc-
tion in single diffractive scattering is shown as
a function of the jet pseudo-rapidity 77¢*. One
leading proton (at positive pseudorapidity with
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Figure 4. Cross-section for di-jet production in
single diffractive scattering as a function of the
jet pseudo-rapidity n7¢*. Three different model of
the Pomeron structure are used: CKMT (points),
'soft’ gluon (solid line) and ’hard’ gluon (dashed
line).

zr > 0.9 and 0.01 < [t| < 1 GeV?) and at least
two jets (|n] < 3.2 and Er > 10 GeV) are re-
quired. Three assumptions have been used for
the partonic structure of the Pomeron. They lead
to different shapes of the pseudo-rapidity distri-
bution. This indicates that a measurement of
single diffractive di-jet production should allow
to constrain the Pomeron structure. More stud-
ies are needed to quantify the possible kinematic
reach and to investigate the effects of the ex-
pected breaking of hard scattering factorization
in hadron-hadron collisions (which might inhibit
an extraction of parton densities) and the effects
of the underlying event on the detection in case
of a rapidity gap signature.

Figure 5 shows the cross-section for di-jet pro-
duction in central diffraction as a function of the
jet pseudo-rapidity 77¢*. In this case two leading
protons (both with zr > 0.9 and 0.01 < |{| <
1 GeV?) and at least two jets (|n| < 3.2 and
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Figure 5. Cross-section for di-jet production in
central diffractive scattering as a function of the
jet pseudo-rapidity n7¢*. Three different model of
the Pomeron structure are used: CKMT (points),

'soft’ gluon (solid line) and ’hard’ gluon (dashed
line).

Er > 10 GeV) have been required. Also here the
shape differs for the three assumptions on the par-
tonic content of the Pomeron. An advantage of
central diffraction is the much reduced influence
of underlying events and of soft colour exchange,
as both protons remain intact. However the ex-
pected cross-section is significantly lower.

It is planned by the TOTEM collaboration [5]
to install in the CMS interaction region (IR5) ad-
ditional detectors for the tagging of charged par-
ticle production (in the forward direction within
3 < |n| < 7) and for the tagging and measurement
of leading protons (Roman Pot systems more
than 100 m away from the interaction point).
The combination of the information from these
detectors with signatures of hard scattering pro-
cesses inside the CMS detector should allow sev-
eral studies of hard diffractive scattering. The
ATLAS collaboration is investigating the possi-
bility of installing similar detectors. Such a com-



bination of detectors could also be used for a
measurement of the absolute luminosity. More
detailed studies are in progress to quantify the
reach in the various kinematic variables and to
assess possible running scenarios.

5. Jet physics

The production of jets will allow probing the
smallest distance scales at the LHC, due to the
huge cross-section in comparison e.g. with direct
photon and W /Z boson production.
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Figure 6. Inclusive jet cross-section as a function
of B3 of the leading jet for various pseudorapid-
ity ranges.

Figure 6 shows the expected inclusive jet cross-
section as a function of Ep for three ranges of
pseudo-rapidity (from central to forward). The
error bars correspond to the expected statisti-
cal uncertainty for an integrated luminosity of
300 fb~!. For only 30 fb~!, about 4 - 10° events
are expected with Er > 1 TeV, about 3 - 103
events with Ep > 2 TeV and about 40 events
with Ep > 3 TeV.
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Figure 7. Expected deviation from the QCD ex-
pectation for the single inclusive jet cross-section
in case of a miscalibration of the calorimeters (see
text).

Especially in the region of Epr > 1 TeV the
dominating (systematic) uncertainty will be given
by the knowledge of the jet energy scale. Un-
corrected non-linearities of the calorimeters could
easily fake a deviation from the QCD expecta-
tion, which might be interpreted as a signal of
new physics (e.g. of compositeness). In figure
7 the relative deviation from the QCD expecta-
tion is shown for the single inclusive jet cross-
section as a function of Er, in the presence of a
miscalibration. The example chosen assumed an
overestimation by 0.2 of the degree e/h of non-
compensation in the calorimeters (nominal value:
e/h = 1.3 in case of the Tile calorimeter). Also
shown are the expected statistical errors on the
cross-section for 30 fb~! and 300 fb~! at two val-
ues of Er. The expected statistical uncertainty is
smaller than the effect due to the miscalibration
used here.

The measurement of the jet production cross-
section is sensitive both to the quark and gluon
densities. The contribution due to gluons de-
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Figure 8. Reach in the (1/x, Q?) plane from di-jet
production.

creases with increasing Ep. A measurement of
di-jet production (pseudorapidities 7 2 of the two
leading jets and minimal Ep for both jets) can be
used to reconstruct the parton momenta z 2 en-
tering the hard scattering and the scale Q? of the
hard scattering via (at leading order):

E
72 = 2 (5T + ), (1)

Q?* ~ 2E2 cosh? n* (1 — tanhn*), (2)

where n* = 0.5 |pg — n2]. In figure 8 the
reach in (1/x,Q?) is shown for di-jet events with
Er > 180 GeV and |n| < 3.2. Only those bins
which contain more than 100 events (for 300 fb=1)
are visible. A wide range in Bjorken x is cov-
ered for large scales (e.g. 0.01 < x < 0.6 for
10° < Q2 < 105 GeV?). This has to be com-
pared to the kinematical limit of HERA in Q2 of
about 10° GeV?, which is reached only for large
values of x. More studies are needed to quantify
the accuracy expected on the extraction of par-
ton densities based on jet cross-section measure-
ments. In addition, a combined extraction of par-

ton densities based on additional processes (from
LHC data alone — as discussed in the following
sections — and/or from other measurements — e.g.
deep-inelastic scattering) has to be investigated.

Not yet studied in detail is a possible measure-
ment of the strong coupling constant from the
ratio of 3-jet to 2-jet production. The necessary
calculation of the 3-jet cross-section at NLO be-
came recently available. Compared to an extrac-
tion of oz from the inclusive jet cross-section, this
approach should lead to reduced correlations be-
tween the coupling constant and the parton den-
sities (esp. the gluon density).

6. Photon production

The direct production of photons can provide
sensitivity to the gluon density in the proton, via
the QCD Compton graph: qg — ¢v. Background
processes are q¢ — g7 and contributions from
fragmentation into photons (¢ — ¢v). In addi-
tion, the production of jets containing a leading

70 can lead to fake photon signatures.
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Figure 9. Rejection against jets as a function of
the transverse energy Ep for a photon identifica-
tion efficiency of about 80 %.



The experimental challenge is to achieve a good
efficiency for photons while providing an excel-
lent rejection against jets. The ratio of the inclu-
sive jet cross-section to the direct photon cross-
section is about 103 (for |n| < 0.7 and 100 <
pr < 500 GeV). Studies done in the context of
H — ~7 searches have shown, that efficiencies of
about 80 % can be obtained for pr > 40 GeV, to-
gether with a rejection against jets of about 3-102.
Figure 9 shows the dependence of the jet rejection
on the transverse energy E7 of the jet. In order
to achieve the above-mentioned efficiency, conver-
sions in the material of the inner detector have to
be recognized and reconstructed (the probability
for a conversion to occur is between 20 % and
40 %, depending on 7).
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Figure 10. Cross-section for direct photon pro-
duction as a function of the photon transverse
momentum p.

In figure 10 the cross-section for direct pho-
ton production is shown as a function of the pho-
ton transverse momentum p7., as obtained from a
leading order calculation. For 30 fb~! more than
2-10* events are expected having a direct photon

with pJ. > 500 GeV. The hard scattering scale is
given at leading order by the square of the trans-
verse momentum of the photon (Q? = (p7.)?). A
minimal pJ. of 40 GeV for direct photons corre-
sponds to Q2 > 10% GeV? and together with the
acceptance in pseudo-rapidity of |n| < 2.5 implies
a lower limit on Bjorken z of > 5-107%. The
upper limit on = depends on the maximal trans-
verse momentum of the photon and thus is given
by the available statistics. For a value of 500 GeV
the upper limit is « < 0.2. This kinematic cov-
erage on the gluon density can be compared to
HERA, where for Q2 > 10% GeV? only the range
x > 0.01 is kinematically accessible.

Events containing a direct photon together
with a jet, which are balancing in transverse mo-
mentum, may be used for a calibration of the jet
energy scale, provided the photon energy scale is
known sufficiently well and the background from
QCD jet production (leading to fake photon sig-
natures) is well understood.

7. Drell-Yan and W /Z production

The production of W and Z bosons at LHC will
provide (using the leptonic decays into electrons
or muons) a huge sample of events with a clean
experimental signature.

For Drell-Yan production of muon pairs about
10* events are expected for 30 fb~!, which contain
a muon pair with an invariant mass m,, larger
than 400 GeV. Compared to W and Z produc-
tion, Drell-Yan pair production allows exploring
a larger range in the scale Q2 which is given by
Q* = m2,. For m,, > 400 GeV, the range of
Q? > 1.6 - 10° is covered, with a range in = of
2.3-1073 < 2 < 0.34 (for || < 2.5).

For the same integrated luminosity, about 10°
events are expected which contain a W with
p¥ > 400 GeV (decaying leptonically to electron
or muon and a neutrino). The expected num-
ber of Z bosons is smaller by about one order
of magnitude. In case of centrally produced W
bosons (W boson rapidity 4" = 0), the two par-
tons have identical = values of z12 = 6 - 1073,
The acceptance limit for the leptons of |n| < 2.5
leads to a lowest 2 value of about 3 -10~* and
a highest = value of about 0.1. The range in
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Figure 11. Cross-section for Drell-Yan muon pair
production as a function of the muon pair invari-
ant mass my,,.

Bjorken = from W (Z) production is thus given
by: 3-107% < 2 < 0.1 at Q2 ~ 6(8) - 10° GeV?.
For comparison, measurements of deep-inelastic
scattering at HERA with Q2 > 10* GeV? are
kinematically restricted to the region of x > 0.1.

The distribution in rapidity y" of the W bo-
son is different for W+ and W~ production, as
can be seen in figure 12. This difference reflects
the differences in the parton distributions lead-
ing to the production of a W: ud — W resp.
du — W~. The average momentum of a valence
d quark is smaller than the one of a valence u
quark, and as there are two valence u quarks in
the proton (w.r.t. to one valence d quark) more
W™ bosons will be produced in the forward di-
rection than W~ bosons. This difference in the
shape of the rapidity distribution survives in the
pseudorapidity distribution of the decay leptons,
as shown in figure 13. It can be used to constrain
the quark and anti-quark densities in the proton.

Given the large statistics expected for W (Z)
production and their clean signatures, it might be
possible to use these processes for a precise deter-
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Figure 12. Cross-section for W* and W~ pro-
duction as a function of the boson rapidity y"V,
including the decay W — v, where [ = e, p.

mination of the parton-parton luminosity, avoid-
ing the necessity of a difficult absolute luminosity
measurement. The idea is to normalize all cross-
sections to the well measured W cross-section.
This method offers the potential to achieve an
experimental accuracy at the level of a few per-
cent. More studies are needed however to quan-
tify the expected theoretical uncertainty on the
ratio of these cross-sections, which would need to
be known at the per cent level.

All cross-sections shown up to now were based
on leading order calculations. In many cases,
next-to-leading (NLO) calculations are available.
The cross-section increases in many cases when
NLO corrections are included. This is often due
to the opening of additional channels, which only
appear at NLO. An example of the size of this
increase is shown in figure 14, where the cross-
section for W W ~ production is shown as a func-
tion of the missing transverse momentum piss.
For large pi®**  the cross-section increases at
NLO by more than one order of magnitude.
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8. Heavy quark production

The production of heavy quarks (b and ¢) pro-
ceeds at LHC energies mostly via gluon-gluon fu-
sion. Measurements of e.g. b production could
thus provide constraints on the gluon density.
However, discrepancies between b production at
Tevatron and theoretical predictions have been
observed and need to be understood. The predic-
tions are presently about a factor of two smaller
than the data.

In figure 15 the cross-section for heavy quark
pair production is shown as a function of the
minimal transverse momentum p? of the heavy
quark. For large values of pg (> 50 GeV), the
difference between charm and bottom quark pro-
duction is negligible (the quark mass being much
smaller than the hard scale pg) In the case of
tt production, a sizeable difference persists up to
p$ ~ 600 GeV.

The selection of B hadron final states will
start with an inclusive muon signature (tagging
of b production via the semi-leptonic decay of
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Figure 14. Cross-section for W+W ™~ production
as a function of the missing transverse momentum
piss (with W — lv, where | = e, p1), for leading
order (LO) and next-to-leading order (NLO).

a b quark). Depending of the minimal value of
the transverse momentum pp of this muon the
expected number of events accumulated during
three years at low luminosity (corresponding to
30 fb~!) is shown in figure 16. The number
of inclusive B hadrons (identified via a recon-
structed J/¥ — pu decay) is larger by one or-
der of magnitude than the one of exclusive B
decays. In the latter case, also the other decay
products of By, Bs, BT and A, decays (which in-
volve a J/U — py in the final state) have to be
reconstructed. The expected number of events
will allow studies for transverse momenta up to
100 GeV with negligible statistical uncertainties.

9. Summary

Studies of QCD processes at the LHC will pro-
vide further tests of QCD as the theory of strong
interactions at the energy frontier of 14 TeV. The
expected performance of the ATLAS and CMS
detectors will allow in addition precision measure-
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Figure 15. Cross-section for pair production of
heavy quarks (c¢, bb and tf) as a function of the
heavy quark transverse momentum p?.

ments of QCD processes to be performed. These
measurements should lead to improvements in the
knowledge of the proton structure (in as yet un-
explored kinematical regions) and possibly mea-
surements of the strong coupling constant up to
the highest scales.
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