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Introduction
 The LHC is a exceptional QCD machine.

 O(100) jets with ET>100 GeV every 
second.  

 Effectively all physics at the LHC is QCD, 
determined by interactions between quarks 
and gluons within the proton.

 The study of QCD at the LHC enables us to 
achieve  significant goals:
 The high precision study of  the QCD 

hard subprocess over an unprecedented 
large range of scale.

 Understand the parton distribution 
functions within the proton in great 
detail.

 Interesting in it’s own right, also essential 
stages in understanding the backgrounds for 
all other processes, Higgs production, 
Supersymmetry and other new physics etc.
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The Large Hadron Collider

 LHC took it first 900 GeV collisions in November 2009
 L=~9 μb-1 at ~5×1026 cm-2s-1

 Since March 2010 running with 7 TeV collisions.
 Since Early November, running Heavy Ion collisions.

3
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Collected data at 7 TeV
 First collisions at 7 TeV at the end of March 

2010
 ATLAS collected integrated luminosity        

L = 45 pb-1

 So far, over 3.2×109  events written to tape 
with stable beams

 Luminosity systematic uncertainty ~ 11%

 Last configuration 
 368 colliding bunches in ATLAS
 ~ 1011 protons per bunch
 Peak instantaneous luminosity of  

2.1×1032cm-2s-1

 Around 3 pp interactions per bunch 
crossing

 Near future plans - 2011 
 Around 800 bunches per beams
 Aim to collect ~ 1-8 fb-1

 May run in 2012
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LHC News: http://lpc.web.cern.ch/lpc/

! Ramping-up the luminosity: 

- beam set-up is continuously 
being improved allowing steep rise 
in data accumulation.

! Recent configuration for collisions:

- 295 colliding bunches in ATLAS;

- >1011 protons per bunch; 

- peak luminosity ~ 1032 cm-2 s-1

! Plans for 2010-11 run:

- peak luminosity ~ 1032 cm-2 s-1 

- up to 800 bunches per beam

- record ~1fb-1 of integrated 
luminosity.

Total number of collisions at 7 TeV (31/10/2010): ~3.2 trillion (ATLAS)  
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The ATLAS Detector
 Inner Detector in 2T field |η|” = 2.5, 

 EM calorimeter  |η| < 3.2,

 Hadronic calorimeter,  |η| < 4.9

 

 Muon spectrometer, 4T toroidal field  |η| < 2.7

 Luminosity from machine, optical theorem, precision ~ 5%.

 Expected Jet Energy Scale ~ 1%.
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The LHC kinematic plane 

 Greatly extend kinematic coverage,  
mass reach to around 5 TeV.

 Many cross sections dominated by 
parton interactions at small x,

 Dominance of gluon and sea quark 
scattering,

 Large phase space for gluon emission.
 

 Greater precision at high x.
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Incoming partons

 High ET jets (~500 GeV) at the Tevatron produced predominantly due to qq scattering.
 At the LHC, 500 GeV jets will be produced from partons at much lower x
 More significant contribution from the gluon and at high Q2 so more phase space for initial state 

radiation.

LHC √s = 7 TeV  inclusive jets 0<|y|<0.3 
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Pileup, Soft QCD and 
Underlying event
 Most of the hadronic interaction cross section is  

“Soft” ie, does not contain high ET interaction,         
σtotal  = σelastic  + σsingle-diff  + σdouble-diff  + σnon-diff

 Large uncertainty on the total cross section - ln(s) 
or ln2 (s) behaviour? 

 Hard interactions also have “secondary” interactions 
between partons in the proton

  multi-parton interactions, underlying event.

 In addition, multiple, independent soft pp 
interactions in the same bunch crossing - “pileup”.  
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 Both lead to additional energy flow in the event, both are dominated by soft, or semi-hard processes.
 Minimum bias collisions not associated with the hard interaction
 Underlying event closely related to the hard interaction.

 Need to be able to model, these processes to enable precision measurements of hard QCD interactions
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Soft QCD interactions

 Minimum Bias at ATLAS is triggered by 1 
side of low angle trigger scintillator

 Sensitive to everything but the elastic cross 
section. 

 Three data samples
 900 GeV interactions
 2.36 TeV interactions
 7 TeV interactions

 Due to track bending in the 2 T Solenoid 
field, difficult to reconstruct tracks at very 
low pT 

 Two event selection, both require at least 1 
primary vertex, all tracks |η|<2.5 

 At least 1 track with pT > 500 MeV
 At least 2 tracks pT>100 MeV

9

! The goal is to reconstruct the event and recover all charged 

particles; 

! main limitation: soft track reconstruction! 

! at start-up, “typical” reconstruction: low pT cut set to 500MeV;

pT>500MeV

! Avoid large extrapolation 
factors for measurements 
such as dNch/d".

! Several strategies already 
available to push this limit to 
pT ~ 100 MeV;

pT~250MeV

MC primary charged particles

(schematic view of the ATLAS ID)

50MeV

400MeV
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Soft QCD at 900 GeV

 Fully model independent measurement, 
ie corrected back to hadron level rather 
than non-single diffractive.

 Models underestimate frequency of 
high multiplicity events, and 
overestimate the pT in such events

10

Fermilab, 19th November 2010.

ATLAS - Minimum Bias measurements

 Phys. Lett. B 688 (2010) 21-42

 ATLAS presented 
measurements for an 
inclusive inelastic sample 
(avoiding model-dependent 
corrections).

- Require ! 1 track (pT>500MeV, |"|<2.5)

 Results are NOT directly 
comparable to ALICE, CMS 
and previous experiments 
(which are usually corrected 
to NSD).

 The charged particle densities 
in ! and pT are not “perfectly” 
described by any of the MC tunes. 

 Data corrected to particle level!

 Phys Lett B 688, 1, 21 
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Charged particle distributions: 
!s=900 GeV vs !s=7 TeV

! Measurements at di"erent c.m. energies are crucial for an accurate 
understanding (prediction) of the evolution of inelastic hadronic processes.

 ATLAS-CONF-2010-024

M.Sutton – First QCD results from ATLAS

Hadron-Hadron And Cosmic-Rays Interactions At Multi-TeV Energies - Trento 2010 

Charged track muliplicities at 900 GeV and 7 TeV

 At 7 TeV track momentum distribution is significantly harder.

11

ATLAS-CONF-2010-024
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Track multiplicities lower momentum

 Probing softer hadron production with pT>100 MeV is underestimated by Monte Carlo tunes.
 Tuned PYTHIA  prefers ln2(s) behaviour and in agreement with pT>500 MeV data. 
 No tune able to describe dependence for lower pT particles. 
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ATLAS: Charged particle distributions for 
tracks with pT > 100MeV

! Major improvement: track pT threshold reduced from 500MeV to 100MeV 
(probing softer particle production). Measurements at 7TeV were made over a 
much larger sample (~10M events) than in the previous analysis.

 ATLAS-CONF-2010-046

ATLAS: Charged particle distributions for 
tracks with pT > 100MeV

! Major improvement: track pT threshold reduced from 500MeV to 100MeV 
(probing softer particle production). Measurements at 7TeV were made over a 
much larger sample (~10M events) than in the previous analysis.

 ATLAS-CONF-2010-046

ATLAS-CONF-2010-046
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The Underlying Event
 The underlying event consists of all particles from a single pp interaction that are not from the hard 

interaction
 Colour connected with the rest of the event, ISR/FSR, beam remnants, hard subprocess
 Not experimentally separable from the hard interaction- Don’t  correct data for underlying event, 

correct Predictions!

 Several models exist...
 Pythia, Herwig (Jimmy), multi-parton interactions,

 Multiple independent “hard” 2-to-2 scattering processes.

 Phojet
 Dual Parton Model to generate the low pT processes. 

multiple Pomeron exchange to generate the event 
activity, Hard processes added with conditions to 
satisfy unitarity.  

 Need to study the dependence of the underlying event on the hard interaction to make accurate 
predictions  
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Measuring the Underlying Event
 In dijet configuration, charged multiplicity transverse to the jets is 

sensitive to the underlying event.

 In ATLAS, instead define the “toward” direction with respect to 
the most energetic, “leading” track

 Study the onset of perturbative QCD

 Select events where ...
 Leading track with pT>1 GeV
 No additional “good” vertices
 Consider tracks in transverse and away directions, 

• pT>500 MeV,  |η|<2.5

The underlying event: ATLAS measurement

ATLAS-CONF-2010-081

! Event selection:

- full 900GeV sample (same as used for 
Minimum Bias measurements)

- 7 TeV: collected between March - April 2010

- L1_MBTS_1 " 1 hit

- At least one primary vertex reconstructed

- No additional primary vertices with 4 or more 
associated vertex tracks

- At least one selected track with pT > 1.0 GeV (this reduces 
di#raction significantly,ie. <1% of tracks originate from di#raction!)

! Track selection:

- 1 Pixel & 6 SCT hits

- Require pT > 500 MeV & |$| < 2.5

- |d0| < 1.5 mm

- |z0|sin% < 1.5 mm

- stable beams, MBTS and ID at nominal conditions



M.Sutton – First QCD results from ATLAS

Hadron-Hadron And Cosmic-Rays Interactions At Multi-TeV Energies - Trento 2010 

Angular distribution

 For harder leading track, jet like distributions towards and away from leading particle appear
 Transition towards hard QCD. 
 This is more pronounced in the Monte Carlo 

 Will provide valuable information on modeling the underlying event for theoretical predictions

15

Angular Distributions
(charged particles)

 ATLAS-CONF-2010-081

! Charged particle density as a function of "# w.r.t. the leading particle (which is 

excluded from these plots). Data corrected to the particle level.

! As the pT of the leading particle increases, the development of “jet-like” region of 
higher number density is observed adjacent to and opposite the leading particle.

! The number density is is both higher and has a di$erent angular distribution than is 
predicted by the ATLAS MC09 tune.

ATLAS-CONF-2010-081
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Jet Production

 Jet production O (αs
2) at Leading order.

 All cross sections directly sensitive to quark and 
gluon densities within the proton.

 Uncertainty from the description of the hard subprocess - Scale uncertainties.

 Where the hard sub process is well described, can extract data on the PDF’s.

 Inclusive jet production, one jet may be unobserved, integrate over the phase space of the sub-
leading jet - smaller renormalisation scale uncertainties.

 Inclusive dijet production larger scale uncertainties, but better control over the kinematics.
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!"" #$%&'()mjj = 3.1 TeV



M.Sutton – First QCD results from ATLAS

Hadron-Hadron And Cosmic-Rays Interactions At Multi-TeV Energies - Trento 2010 

Inclusive jet cross section

 Largest systematic uncertainty, jet energy scale (6-10%), translates to 30-40% uncertainty on cross 
section. 

 Good agreement with NLO prediction over 5 orders of magnitude for R=0.4 and R=0.6 jets 

18

R = 0.4 R = 0.6


 Accepted by EPJC, CERN-PH-EP-2010-034
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Inclusive double-
differential jet cross 
section

 Reasonable agreement with the NLO 
calculation. 

19

R = 0.4

R = 0.4


 Accepted by EPJC, CERN-PH-EP-2010-034
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Double-differential dijet cross section

 Inclusive dijet cross section as a function of the dijet 
invariant mass.

 Good agreement within the uncertainties over the entire 
kinematic plane.

 Large theoretical uncertainties in the forward direction.
20


 Accepted by EPJC, CERN-PH-EP-2010-034
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Dijet azimuthal decorrelation

 Deviation of dijet topology with respect to back-to-back 
configuration sensitive to higher order QCD radiation

 Study the hard sub process in more detail
 Cross section away from Δφ~π  is intrinsically an O (αs

3) 
process.

 NLO prediction including hadronization and underlying 
event corrections describes the data well. 

21

ATLAS-CONF-2010-083



M.Sutton – First QCD results from ATLAS

Hadron-Hadron And Cosmic-Rays Interactions At Multi-TeV Energies - Trento 2010 

Prompt (Direct) photon production

 High ET photons in the final state, directly sensitive to the gluon distribution in the proton.
22

Event display of highest ET unconverted photon



Inclusive photon pT spectrum (all γ)
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Prompt (Direct) 
Photon production

 Significant prompt photon signal 
observed with purity greater than 
70%

 Inclusive paper on the horizon

23
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Electroweak Boson production

 W and Z bosons should be produced copiously
 For L = 1 fb-1 expect around O(104) W and (103) Z bosons with  pT > 400 GeV

 Measure the lepton decay channels.
 Drell-Yan cross section known to NNLO 

 Boson distributions should be well described at high pT.
 For inclusive measurements at low pT should resum logs in M(Z,W)/Q2.

 Good benchmark for understanding ISR effects.

 Independent of jet energy scale.
 Can be used to calibrate accompanying jets.

24
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Electroweak Boson 
production

 NNLO uncertainty around 5% (not shown)
 Data well described by the NNLO 

calculation.
 Energy dependence well described

26

28 The ATLAS Collaboration
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Fig. 12: The measured values of σW ·BR (W → !ν) for W+, W− and for their sum compared to the theoretical
predictions based on NNLO QCD calculations (see text). Results are shown for the combined electron-muon
results. The predictions are shown for both proton-proton (W+, W−and their sum) and proton-antiproton colliders
(W) as a function of

√
s. In addition, previous measurements at proton-antiproton and proton-proton colliders

are shown. The data points at the various energies are staggered to improve readability. The CDF and D0
measurements are shown for both Tevatron collider energies,

√
s = 1.8 TeV and

√
s = 1.96 TeV. All data points are

displayed with their total uncertainty. The theoretical uncertainties are not shown.

Re
W (±)/Z Rµ

W (±)/Z
W+ 8.4 ± 1.1 (stat) ± 0.6 (syst) 6.5 ± 0.7 (stat) ± 0.3 (syst)
W− 5.7 ± 0.7 (stat) ± 0.4 (syst) 4.4 ± 0.5 (stat) ± 0.2 (syst)
W 14.0 ± 1.8 (stat) ± 0.9 (syst) 11.0 ± 1.1 (stat) ± 0.5 (syst)

Table 14: Measured cross-section ratios Re,µ
W+/Z , Re,µ

W−/Z and Re,µ
W/Z in the electron and muon final states.

Using the measured cross-section values presented in Section 7.5 the results given in Table 14 are ob-
tained for the cross-section ratios for the electron and muon channels. The combination of the two lepton
flavours leads to:

R!
W+/Z = 7.0 ± 0.6 (stat) ± 0.3 (syst),

R!
W−/Z = 4.7 ± 0.4 (stat) ± 0.2 (syst),

R!
W/Z = 11.7 ± 0.9 (stat) ± 0.4 (syst).

The results are shown in Fig. 14 and compared to the theoretical predictions. Within the large uncertain-
ties, which are still dominated by the statistical uncertainties, the theoretical predictions agree with the
measured ratios. Due to the low value of the measured Z → ee cross section, the ratios in the electron
channel are above the theoretical expectations. However, it should be noted that the three ratio mea-
surements are correlated via the common low Z → ee cross-section value and are still compatible within
uncertainties with the theory value.

Measurement of the W → !ν and Z/γ∗ → !! production cross sections in proton- . . . 29
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Fig. 13: The measured value of σZ/γ∗ ×BR (Z/γ∗ → !!) where the electron and muon channels have been com-
bined, compared to the theoretical predictions based on NNLO QCD calculations (see text). The predictions are
shown for both proton-proton and proton-antiproton colliders as a function of

√
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readability. The CDF and D0 measurements are shown for both Tevatron collider energies,

√
s = 1.8 TeV and

√
s

= 1.96 TeV. All data points are displayed with their total uncertainty. The theoretical uncertainties are not shown.

Updated measurements using larger data samples will provide interesting constraints on ΓW and allow
for a precise test of the Standard Model predictions. For such measurements the ratios would have to
be normalised to the pure Z boson contribution and electroweak corrections would need to be addressed
more carefully.

8 Measurement of the W → !ν charge asymmetry

The measurement of the charge asymmetry of the W -bosons produced at hadron colliders provides im-
portant information about parton distribution functions. Inclusive measurements have been performed at
the Tevatron [49, 50] and the data have been included in global fits of parton distributions [48, 51].

The W -boson charge asymmetry is obtained from the charge of the decay leptons. The lepton charge
asymmetry measured in this paper is defined via the fiducial cross sections, σfid

W+ and σfid
W− (see Section 7.1

for the definition):

A! =
σfid

W+ −σfid
W−

σfid
W+ +σfid

W−
. (9)

This implies that the asymmetry is measured for leptons, satisfying the geometrical and kinematic con-
straints at generator level, as defined in Section 5.4, with all detector effects corrected for.

Given the difference in the cross-section measurements for W+ and W− presented in the previous section,
the overall asymmetry is different from zero. This reflects the different content of u and d valence quarks
in the proton. In addition, the asymmetry is expected to depend on the lepton pseudorapidity. This
dependence on η provides valuable constraints on the parton distribution functions of the proton, since
different η bins probe different average values of the momentum fractions x of the partons producing the
W boson. As the W lepton asymmetry is mainly sensitive to valence quark distributions [52], it provides

Submitted to JHEP, CERN-PH-EP-2010-037

Z → ll

W → lν 
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Inclusive Z production

 Excellent agreement with Monte Carlo 
over 3 orders of magnitude.

 Z boson transverse momentum from QCD 
radiation.

 Largest uncertainty from lepton 
reconstruction. 

27

November 15, 2010 – 13 : 43 DRAFT 4
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Figure 5: Electron cluster ET of electrons (a) and muon pT (b) of the Z candidates leptons after final selection.
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Figure 6: pT of the Z candidates in the electron channel (a) and muon channel (b) after final selection.
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AW =
W+ −W−

W+ + W−
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The W charge asymmetry

 Charge asymmetry for W boson sensitive to u and d valence quark distributions at large x.
 Cross section uncertainty dominated by gluon distribution, cancels in the asymmetry, as do many 

systematic uncertainties.
 Due to the ν, cannot reconstruct the W kinematics completely, but the charged lepton asymmetry 

also sensitive to the valence quark distribution.
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Fig. 16: Lepton charge asymmetries for the electron (a) and muon (b) channels. Superimposed are several theo-
retical predictions (see text). The bands show the uncertainties extracted from a variation of the error eigenvector
sets of the PDFs at the 90% C.L. limit.

retical predictions obtained with NLO calculations, namely MC@NLO [56] and DYNNLO [57] which
have been interfaced to various PDF parameterisations of the respective order. The parton distribution
functions MSTW 08 [48], CTEQ 6.6 [46] and HERAPDF 1.0 [47] were used. The predictions of these
calculations for the integrated asymmetry (|η |< 1.37 and 1.52< |η |< 2.4) are 0.218+0.008

−0.009 (MC@NLO,
CTEQ 6.6), 0.202 ± 0.019 (MC@NLO, HERAPDF 1.0), and 0.184+0.011

−0.012 (DYNNLO, MSTW 08). The
bands shown for the theoretical predictions display the uncertainties extracted from a variation of the
error eigenvector sets of the PDFs at the 90% C.L. limit. Within the large uncertainties, the theoretical
predictions agree with the present measurements. However, the data do not provide sufficient separation
power to discriminate between various models.

9 Summary

The ATLAS collaboration presents first measurements of the W → !ν and Z → !! production cross
sections in proton-proton collisions at

√
s = 7 TeV. The results are based on data corresponding to an

integrated luminosity of approximately 320 nb−1. The total inclusive W -boson production cross sections
times the leptonic branching ratios for the combined electron-muon channels are measured to be:

σ tot
W+ ·BR(W → !ν) = 5.93 ± 0.17 (stat) ±0.30 (syst) ±0.65 (lumi) nb,

σ tot
W− ·BR(W → !ν) = 4.00 ± 0.15 (stat) ±0.20 (syst) ±0.44 (lumi) nb,

σ tot
W ·BR(W → !ν) = 9.96 ± 0.23(stat) ± 0.50(syst) ± 1.10(lumi) nb.

For the Z/γ∗ production cross section, measured in the mass range 66 < m!! < 116 GeV, the result for
the combination of the electron and muon decay channels is:

σ tot
Z/γ∗ ·BR(Z/γ∗ → !!) = 0.82±0.06(stat)±0.05(syst)±0.09(lumi) nb.

The ratio of the W to Z-boson cross sections is measured to be

RW/Z = 11.7±0.9(stat)±0.4(syst).
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W plus Jet production

 Excellent agreement with Monte Carlo over 
3 orders of magnitude.

 Largest uncertainty from jet energy scale, 
followed by lepton acceptance and QCD 
background estimation.
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Figure 9: Leading Jet pT for W events with Njets≥ 1 for selected electron (a) and muon (b) candidates.
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Figure 10: W pT for W events with Njets≥ 1 for selected electron (a) and muon (b) candidates.
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Summary and outlook
 ATLAS analyses are developing well and we are rapidly increasing our understanding of the  

detector with real data. 

 After less than a year of collisions at 7 TeV the LHC has been working well and is  already 
providing a large range of high quality physics results, and we are only beginning to explore the 
available phase space of important QCD results.   

 Analyses are still statistically limited in the most interesting regions of phase space
 Working hard to reduce the systematic uncertainties.

 Given the status of the statistical and systematic uncertainties, perturbative QCD appears to be in 
good shape (so far). 

 We are on the verge of a new era in our understanding of QCD at the hardest momentum transfers.
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Appendix A: The dimuon mass spectrum
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Appendix B: Heavy Flavour
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Appendix C: Jet Energy scale uncertainty 

 ATLAS uses the Anti-kT algorithm with cone radii R=0.4 or R=0.6, unfolded to hadron level.
 The dominant systematic uncertainty is that due to the jet energy scale.

 Evaluated by comparing the unfolded varying detector configurations, hadronic shower models, 
physics models etc in the Monte Carlo 

 Largest single contributions from GEANT hadronic shower model (GEANT), detector material 
simulation,  soft QCD modeling, and the Calorimeter energy scale, 3%

 Overall uncertainty 6-10% for |η| < 2.8 
 Dependent on pT, η

 Overall uncertainty on the steeply falling jet cross section of around 40%.
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