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Abstract

The LHC experiments ATLAS and CMS plan to take advantage of large multi-jet samples with and
without heavy flavour tagging and vector boson production to test QCD at the TeV scale. Initial
multi-jet cross section measurements at LHC will demonstrate understanding of the calibration of the
detectors, the jet energy scale systematics and the trigger. Further in the LHC run, measurements
of inclusive di-jet cross sections with heavy flavour tag, which provides the process hard scale, will
probe QCD at scales never tested before. Jet production measurements with associated W and Z
bosons provide a separate test of QCD in different and complementary channels. Measurements of
these processes are essential to demonstrate understanding of major backgrounds to Higgs and SUSY
channels, such as those of top-quark production or W+jet/Z+jet.
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The LHC experiments ATLAS and CMS plan to take advantage of large multi-jet samples
with and without heavy flavour tagging and vector boson production to test QCD at the
TeV scale. Initial multi-jet cross section measurements at LHC will demonstrate under-
standing of the calibration of the detectors, the jet energy scale systematics and the trigger.
Further in the LHC run, measurements of inclusive di-jet cross sections with heavy flavour
tag, which provides the process hard scale, will probe QCD at scales never tested before.
Jet production measurements with associated W and Z bosons provide a separate test of
QCD in different and complementary channels. Measurements of these processes are es-
sential to demonstrate understanding of major backgrounds to Higgs and SUSY channels,
such as those of top-quark production or W+jet/Z+jet.

1 Overview of ATLAS and CMS

A detailed description of ATLAS (A Toroidal LHC ApparatuS) and CMS (Compact Muon
Solenoid) experiments can be found respectively in [1] and [2]. ATLAS (CMS) has an overall
length of 44 m (22 m), a diameter of 25 m (15 m), and weighs 7 000 tons (12 500 tons).

ATLAS is composed of a thin 2 T superconducting solenoid surrounding the inner-detector
cavity, a high granularity liquid-argon (LAr) electromagnetic sampling calorimeter, followed by
scintillator-tile/LAr hadronic calorimeters, three large superconducting toroids arranged with
an eight-fold azimuthal symmetry around the calorimeters, and a muon spectrometer. The
inner detector is made of semiconductor pixel and strip detectors, surrounded by straw-tube
tracking detectors with the capability to generate and detect transition radiation. LAr forward
calorimeters extend the pseudo-rapidity coverage from |η| > 3 to |η| < 4.9.

The central feature of the CMS apparatus is a superconducting solenoid, of 6 m internal di-
ameter. Within the field volume are the silicon pixel and strip tracker, the lead-tungstate crystal
electromagnetic calorimeter (ECAL) and the brass-scintillator hadronic calorimeter (HCAL).
Muons are measured in gas chambers embedded in the iron return yoke. CMS also has extensive
forward calorimetry, extending the pseudo-rapidity coverage of the calorimeters from |η| > 3 to
|η| < 5.

In ATLAS (CMS), the ECAL has an energy resolution of about 1 % (0.5 %) at 100 GeV, and
represents 22 to 26X0 (24.7 to 25.8X0). The HCAL, when combined with the ECAL, measures
jets with a resolution ∆E/E ≈ 50 %/

√
E ⊕ 3 % (≈ 100 %/

√
E ⊕ 5 %). The calorimeter cells

are grouped in projective towers, of granularity ∆η×∆φ = 0.1× 0.1 (0.087× 0.087) at central
rapidity and 0.2× 0.1 (0.175× 0.175) at forward rapidity. The resolution in the ATLAS (CMS)
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tracker is expected to be σ/pT ≈ 5 × 10−5 × pT ⊕ 0.01 (≈ 1.5 × 10−5 × pT ⊕ 0.005). Both
apparatus provide the vertex position with ≈ 100µm accuracy at 1 GeV, and below 20µm
accuracy above 20 GeV.

2 QCD and the LHC
Process σ (nb)
Total 108

W± → eν 20
Z→ e+e− 2
tt̄ 0.8
bb̄ 5×105

cc̄ 107

central jets
pT > 10 GeV 2.5×106

pT > 100 GeV 103

pT > 1000 GeV 1.5×10−3

Table 1: Cross-sections expected at the
LHC for a few processes, at

√
s = 10 TeV.

QCD processes constitute the dominant source of
interactions at the LHC due to their large cross
sections relative to other processes, as detailed in
Tab. 1 [3]. This makes QCD an attractive topic for
early physics at LHC. By measuring jets, several
objectives can be attained, both from theoretical
and experimental point of views: commissioning of
the detectors, confrontation of perturbative QCD
(pQCD) at the TeV scale, test of current PDF
evolution, probe of αS , understanding of multi-jet
production (background to other searches), sensi-
tivity to new physics.

The number of jets per bin in transverse mo-
mentum pT , for a centre of mass energy of 10 TeV
expected at start-up of the LHC, is shown in Fig. 1, for different range in pseudo-rapidity η.
With only 10 pb−1 of integrated luminosity, several tens of events are still expected with jets
above 1 TeV, and so early measurements are possible for a large range in energy.

3 Jets at the LHC

3.1 Definition of a jet

From a theoretical point of view, a so-called parton jet originates from the proton-proton colli-
sion, and should contain the partons produced and the initial and final states radiated particles
(ISR/FSR). From an experimental point of view, a parton jet then encounters hadronisation
(decays, or interactions in the beam pipe/tracker material), after which point it can be recon-
structed as a particle jet if individual particles are identified (so called particle flow algorithms).
Electromagnetic and hadronic components will finally shower in the calorimeters, so that pure
calorimeter jets can be reconstructed. Two types of algorithms exist: cone-based and sequential
recombination. Cone-based can be seeded (at LHC, iterative, with sizes ∆R = 0.4 (CMS 0.5)
and 0.7), in which case they are not infrared- or collinear-safe, but are fast and reliable for
triggering, or seedless (the Seedless Infrared Safe - SIScone - algorithm in CMS). The sequen-
tial recombination algorithm kT is used in both ATLAS and CMS with sizes 0.4 and 0.6. To
compare jets at each step, the same jet reconstruction algorithm should be employed. Inputs
to the algorithms are hence either calorimetric energy depositions (towers or clusters), tracks,
particle or energy flow reconstructed objects, simulated or generated particles (genjets).

The particle content of a jet is shown in Fig. 2 [4], and is independent of the jet trans-
verse momentum, as expected since jet fragmentation functions are independent of the energy.
Charged particles will carry 65% of the energy, hence use should be made of the good tracker
resolution of both detectors. Photons will carry 25% of the energy, and the excellent EM
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Figure 1: Expected number of jets per bin
in pT for 10 pb−1 of integrated luminosity
at
√
s = 10 TeV.

Figure 2: Particle content of a jet as a func-
tion of its transverse energy.

calorimeter resolution should help significantly in the overall jet energy resolution. Neutral
particles will carry the remaining 10% of the energy, and represent the limiting factor to jet
energy resolution.

3.2 Jet energy scale and jet energy resolution

Figure 3: Track-based correction procedure in ATLAS: jet
energy scale for different fractions of energy carried by the
tracks associated to the jet (left) and jet energy resolution
before and after corrections (right).

In ATLAS, the jet energy scale
is obtained by a calibration
procedure described in details
in [4]. Several methods are
used in order to improve the
jet energy resolution. One of
them involves using the track
content of a jet. The method is
illustrated in Fig. 3, left. The
overall jet response is centered
on the expected energy, but
different bins in the fraction
ftrk = ptracks

T

pcaloT

show different
central values for the response,
leading to an artificially larger
spread in the overall response.
By correcting as a function of
ftrk, the jet energy resolution can be improved by ≈ 10% at 40 GeV, as illustrated in Fig. 3,
right, leaving the jet response unchanged.
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Figure 4: Jet response (left) and jet energy resolution (right)
for calorimeter and particle flow jets in CMS.

In CMS, the jet energy cal-
ibration uses a factorised ap-
proach, after which the jet re-
sponse for calorimeter jets is
flat in transverse momentum
and pseudo-rapidity [5]. By
using a more complete recon-
struction of the events with a
particle flow (PF) algorithm,
making use of both iterative
tracking and calorimeter clus-
tering using calibrated clusters,
it is possible to improve greatly
the jet energy resolution [6].
The jet response before any
correction is shown in Fig. 4, left, for both calorimeter and PF jets. The jet response is
already nearly flat and close to the expected value for PF jets. The jet energy resolution after
corrections of the calorimeter jets is shown in Fig. 4, right. PF reconstruction of the event leads
to an improvement of ≈ 40% on the jet energy resolution at 40 GeV, allowing to recover a value
compatible with the one obtained in ATLAS.

3.3 First measurements with jets

In order to determine the jet energy scale with real data, different range in energy are treated
differently. Jets with 10 < pT < 200 GeV (200 < pT < 500 GeV) are corrected using Z+jets
(γ+jets) events. In ATLAS, the jet energy scale is expected to be measured with a statistical
uncertainty of 1% (1-2%) with 300 pb−1 (100 pb−1) of integrated luminosity [4] [7]. The system-
atic uncertainties, at the level of 5-10% at low pT , reducing to 1-2% for pT > 100 GeV, are due

Figure 5: Uncertainties expected for 10 pb−1 in
di-jet events in CMS.

mainly to theoretical uncertainties on ISR/FSR
and on the underlying event (UE). Above
500 GeV, multi-jet pT -balance method is
used: low-pT jets with known JES are bal-
anced against high-pT jet with unknown JES.
A statistical (systematic) uncertainty of 2%
(7%) is expected for 1 fb−1 of integrated lu-
minosity.

Another important step in the commis-
sioning of the detector is the measurement of
di-jet events inclusive cross-section. A small
amount of data is shown to be enough to
exceed Tevatron pT reach ( 700 GeV). With
10 pb−1 at 14 TeV, the sensitivity to contact
interactions goes beyond the Tevatron limit
of 2.7 TeV [8]. With 100 pb−1, the sensitivity
to objects decaying into 2 jets (di-jet reso-
nances: q*, Z’, etc.) goes also beyond the
Tevatron limit of 0.87 TeV. Uncertainties for such measurements are shown in Fig. 5 as a func-
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tion of the jet pT , with the dominant one being due to the jet energy scale. Whereas it is
possible to constrain the PDFs with such measurements, it will require a profound knowledge
of the systematic uncertainties.

When the first data arrives, the first measurement involving jets will however be to charac-
terise the underlying event, and put constraints on the current Monte Carlo (MC) simulation. A
method employed in CMS is described in details in [9], and emphasizes the search for variables
allowing to discriminate between different MC models.

4 Heavy flavour at the LHC

4.1 B-tagging algorithms

Heavy-flavoured jets are characterised by a large lifetime: cτ =125-300 (500) µm for D (B)
mesons. It is hence crucial to have a good identification of tracks/vertices displaced from
the primary vertex. In addition, semi-leptonic decays are important, with branching ratios
BR(b→l+X) = 20% and BR(b→c→l+X) = 20%. Soft-lepton tagging methods will improve
the identification. Furthermore, B hadrons take away about 70% of the b quark energy, so high
masses states are looked for.

These criteria are used and combined differently in eleven algorithms in CMS, from the
simple track-counting based algorithms to more evolved secondary-vertex finder algorithms.
The current expected performance of a secondary-vertex tagging algorithm is of 1% mis-tagging
rate for 50% (15%) b-tagging efficiency if no misalignment (start-up) scenario is applied.

4.2 Calibration on real data

In order to fully understand the detectors, b-tagging efficiency and mis-tagging rate must be
extracted from real data. Two categories of methods are being developed, depending on the
energy of the jets.

Figure 6: B-tagging efficiency expected as a
function of jet pT , for 10 pb−1 of integrated
luminosity in CMS.

At low pT , the efficiency is extracted from
muon-in-jet QCD samples, using two methods in
CMS. The prelT method is based on estimating the
muon content of jets, and the particularity of the
projection of pµT on the jet axis (prelT ), different for
b- and u,d,s,g,c-jets. The System8 method [10] re-
lies on the use of three different identification cri-
teria (studied algorithm, a cut on the prelT of the
muon, an additional b-tagged jet in the event),
leading to eight equations with eight unknown, in-
cluding the b-tag efficiency. The result is shown
in Fig. 6 for a track-counting based algorithm, for
10 pb−1 of integrated luminosity in CMS, and a 1%
mis-tagging rate, as a function of the jet pT . For
100 pb−1 of integrated luminosity in CMS, and a
mis-tagging rate of 1%, an uncertainty of ≈8.6% is
expected on the measurement of the b-tagging effi-
ciency. Whereas the System8 method is expected
to give reliable results at low pT , it is however not suited for pT larger than 80 GeV.

PHOTON09 5



Figure 7: Number of b-tagged jets
expected for different samples, with
100 pb−1 of integrated luminosity in
ATLAS.

At high pT , a method developed in ATLAS relies
on using jets from tt̄ events to isolate a highly enriched
b-jet sample [4]. Assuming both top-quark decay into
W+b, the events will indeed contain at least two b-
jets. In addition, depending if considering hadronic or
leptonic decays of the W’s, the topology studied will
contain two leptons, or one lepton and two jets.

These events can be identified using a counting
method: the number of events expected as a function of
the number of tagged-jets is shown in Fig. 7 for differ-
ent MC samples, for 100 pb−1 of integrated luminos-
ity in ATLAS. When requiring more than one jet, tt̄
events dominate by more than one order of magnitude
compared to other samples. The b-tagging efficiency
εb can be obtained with an uncertainty of ∆εb/εb ≈
2.7(4.2)(stat.)⊕3.4(3.5)(syst.)% for lepton+jets (dilep-
tons) final states with 100 pb−1 of integrated luminos-
ity. tt̄ events can also be identified using kinematics,
topology or likelihood requirements. This method re-
quires background subtraction, but allows to measure
εb as a function of ET , η of the jet. The resulting uncertainty is expected to be ±10% with 100
pb−1 in ATLAS (6-10% in CMS with 1 fb−1).

4.3 Measurement of the bbZ cross-section

Figure 8: Invariant mass of the two leptons in
a selection of bbZ events, with 100 pb−1 of in-
tegrated luminosity in CMS.

An example of measurement involving b-
tagging is the measurement of b(b)Z cross-
section. The gains of such an analysis are
both theoretical and experimental: the same
techniques are employed to calculate b(b)H
cross-section, and large theoretical uncertain-
ties (≈ 20% uncertainty due to renormali-
sation and factorisation scales, and an ad-
ditional 5-10% due to PDFs) exists, which
could be constrained by a measurement [11].

A preliminary study has been done in
CMS [12], using a selection of at least two lep-
tons (e (η < 2.5) or µ (η < 2)) pT > 20 GeV,
with in addition at least two jets η < 2.4,
ET > 30 GeV. A track-counting b-tagging
discriminant is used, with a working point
leading to a mis-tagging rate smaller than 1%
(0.1%) for c- (light) jets. The tt̄ background
is further reduced by a cut in transverse miss-
ing energy MET < 50 GeV. The main system-
atic uncertainties are due to : jet energy scale
(±7.6%), MET (±7.4%), difference between NLO and LO for generator level cuts (-10%), lu-
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minosity (±10.%), b-tagging (±16%), mis-tagging (±1.%), tt̄ background subtraction (±4.6%),
with the numbers calculated for an integrated luminosity of 100 pb−1. With early data, it will
hence already be possible to measure the bbZ cross-section with a total uncertainty of the order
of the theoretical uncertainties.

5 Conclusion

LHC can probe (p)QCD, but the dominant experimental uncertainty, due to jet energy scale,
must be controlled. A large integrated luminosity will be needed to obtain 1% error on the
jet energy scale. Vice versa, QCD is essential to LHC discoveries: a better understanding
of the hard-scattering process will lead to a better understanding of the backgrounds to new
physics. Contact interactions and resonances decaying into di-jets can be discovered early on,
even with 10% JES uncertainty at start-up. Theoretical uncertainties also need to be reduced
to experimental uncertainties to increase sensitivity to new physics. Feedback loops between
measurements and theory are important in this respect.
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