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1.1. Quantum Chromodynamics

- gauge theory of strong interaction
described by SU(3)C symmetry

- couples to colour charge
→ quarks, gluons

- running coupling constant:
αs is energy dependent

→ confinement: no unbound quarks
→ hadronization: formation of

particle jets
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1.2. Calculation of cross sections

cross section for AB → X:
σAB =

∫
dxadxbfa/A(xa, µ

2
F )fb/B (xb, µ

2
F )σ̂ab

for large momentum scale Q2:
calculate σ̂ab in pertubation series (pQCD):
σ̂ab = [σ̂0 + αs (µR )σ̂1 + ...]

µF : factorization scale
µR : renormalization scale

Natural choice for Drell-Yan process:
µF = µR = MZ

example for real and virtuell corrections at NLO:
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1.3. phenomenology of proton-proton collisions
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1.3. phenomenology of proton-proton collisions

hard scattering processes:

- high momentum transfer between partons
→ cross section can be calculated in pQCD

- fragmentation of the remaining proton
→ underlying event

- cross section depends on parton
distribution functions ( PDFs )
→ cannot be described from first principles
→ fit to experimental data
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2. Reconstruction of particle jets in ATLAS

quarks and gluons itselfs are not
oberved in the detector
→ jets: collimated spray of energetic

hadrons

jet signature in the detector:

- inner detector: particle tracks
originating from one primary vertex

- energy deposition in em and
hadronic calorimeter

- momentum measurement of muons
in muon chamber

energy deposition in calorimeter cells
are input for jet reconstruction
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2.1. The anti-kT algorithm

requirement: jet definition should be insensitive to collinear and soft gluon radiation
( infrared safety )

→ anti-kT algorithm: define jet cone with radius R=
√
η2 + Φ2

define distance dij = min

(
1

k2
T,i
, 1

k2
T,j

)
∆R2

i,j

R2 and diB = 1
k2

T,i

- start with energy deposition i and calculate all dij and diB

- find minimum distance

{
if min = di,j : recombine deposition i - j and start again

otherwise: deposition i is jet, back to first step

- stop algorithm when no energy depositions remain
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3. Cross section of inclusive jet and dijet measurements

dominant hard scattering process at LHC:
→ tests of QCD, bkg estimation

measurements of double diff. cross section:

inclusive jet: all jets are considered, d2σ
dpT dy

dijet: only two leading jets are considered
d2σ

dMdy∗ with y∗ = |y1−y2|
2

jet reconstruction:

- anti-kTalgorithm with R=0.4, R=0.6

- correction for additional energy ( pile-up )

- jet energy scale correction factor (JES): correct for different calorimeter response
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3.1. Inclusive jet cross section measurements

event selection:

- pjet
T > 20 GeV, y<4.4

- jets must pass quality selection criteria

unfolding:

signal events are corrected back to particle
level taking into account detector
acceptance and reconstruction efficiency

theoretical predicitions:
fixed-order NLO pQCD calculations with
corrections for non-perturbative effects
(hadronization, underlying event),
no electroweak corrections applied
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3.2. Dijet cross section measurements

double differential cross section as a
function of dijet mass M is sensitiv to new
resonance
→ beyond SM processes

event selection:

leading (subleading) jets within y < 3.0
with plead

T > 100 GeV and psub
T > 50 GeV

theory predicitions:

fixed-order NLO QCD predicitions corrected
for non-perturbative and electroweak effects
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3.2. Dijet cross section measurements

Ratio of the NLO QCD predictions to the measurements of the dijet double-differential
cross sections:
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dominant exp. syst. uncertainties:

jet energy scale (JES)
(∼ 30− 60% )
jet energy resolution (JER) (∼15%
for inclusive, ∼ 8% for dijet )

dominant theory uncertainties:

scale variation (missing higher order
terms, PDFs)

comparison of measurements and theory by using a χ2-teststatistics
→ no major deviation observed
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4. W/Z production cross section measurements

W/Z-boson production at hadron colliders:

QCD effects contribute only at NLO and beyond

theoretical predictions: NNLO QCD calculations

signal channels: Z→ll, W→ lν

neutrino only accessible over missing transverse
energy: Emiss

T |x,y = −
∑

i E
i
x,y

→
(
Emiss

T

)2
=
(
Emiss

x

)2
+
(
Emiss

y

)2
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4. W/Z production cross section meausurements

event selection W → lν

one tight electron/muon, isolated

no additional medium lepton

Emiss
T > 25 GeV

mT > 40 GeV

event selection Z → ll

two medium electrons/muons, isolated

no additional medium lepton

opposite charge, same flavor leptons

66 < mll < 116 GeV
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4. W/Z production cross section meausurements

comparison of measurements with theoretical predicitions:

σtot
W/Z · BR(W /Z → lν/ll) =

N
sig
W/Z

CW/Z ·LW/Z ·AW/Z

Nsig
W/Z : number of bkg-substracted signal events passing selection

CW/Z : efficiency for triggering, reconstruction and identification

LW/Z : intergrated luminosity

AW/Z : detector acceptance
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4. W/Z production cross section meausurements

systematic uncertainties for electron-channel on total cross section results mainly
dominated by CW/Z uncertainties:
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4. W/Z production cross section meausurements

Comparison of measurements with NNLO pQCD predictions:
Error bars represent statistical, statistical plus systematic and total uncertainty
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4. W/Z production cross section meausurements

Comparison of the combined electron and muon measurements and previous results to
theoretical cross section predicitions
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5. W+jets cross section measurements

measuring the W - production cross section as a function of inclusive jet multiplicity Njet

→ test of pQCD, extract informations about PDFs

Jet selection:

- anti-kTalgorithm with R=0.4

- pjet
T > 30 GeV

- | y |< 4.4 and ∆R(l,jet) > 0.5

- reject jets with JVF < 0.75

JVF=
∑

pT jet tracks from prim. vertex∑
pT jet tracks from all vertices

event selection W → e/µ ν:

same as in previous W-analysis

- Emiss
T > 25 GeV

- mT (W ) > 40 GeV
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5.W+jets cross section measurements
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dominant syst. uncertainties:

JES, JER (∼ 10%)
electron identification (∼ 8%)
muon momentum resolution (∼ 6%)
luminosity (∼ 4%)
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6. t̄t cross section measurements

short recap on top quarks:

- heaviest known particle with mt = 173GeV

- production of top pair via QCD

- predominant decay channel t → Wb

- identify b-jets by b-tagging at
70% efficiency

dominant tt̄-production process at LHC:
gg-Fusion (95 % at

√
s = 14TeV )
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6. t̄t cross section measurements

single lepton channel:

- jet reconstruction with R=0.4
- 3 jets with pT > 25 GeV, | η |< 2.5
- one of these tagged as a b-jet
- JVF > 0.5
- tight electron/muon requirements

dilepton channel:

- jet reconstruction with R=0.4
- pj

T > 25 GeV, | η |< 2.5
- one jet tagged as a b-jet
- medium electron/muon requirements
- opposite charge leptons, different flavor

main syst. uncertainties:

e,µ identification/isolation
JES, JER, b-tagging, integrated luminosity
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6. t̄t cross section measurements

Comparison of the inclusive tt̄ cross section measurements and previous results to
theoretical predicitions:
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7. Conclusion and outlook

- cross section measurements presented for inclusive+dijet, W/Z production,
W+jets and tt̄ production are consistent with (N)NLO QCD predicitions

→ test of perturbative QCD
→ measurements provide also information on PDFs

- results are dominated by systematic uncertainties

→ jet energy scale and resolution uncertainties, luminosity uncertainty

- experiments need to reduce uncertainties on jet reconstruction

- further theoretical calculations desirable
( NNLO pQCD for inclusive and dijet cross sections )
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9. Appendix

The ATLAS detector:

inner detector: silicon pixel
and microstrip detectors,
TRT detector surrounded by
EM calorimeter: consists

LAr+Pb absorber

hadronic calorimeter:
Fe+scintillator with LAr/Cu
and LAr/W moduls

muon chamber
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9. Appendix

1. Determination of PDFs in DIS
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9. Appendix

1. Contributions to total inelastic xsection:
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9. Appendix

1. Jet reconstruction: Definition of jet algorithm
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9. Appendix

2. Jet energy correction factor
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9. Appendix

3.1. Jet production mechanism at hadron colliders:
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9. Appendix

3.1. Inclusive jet cross section measurements
ratio of inclusive double-differential cross section to theoretical predicitions

no major deviation observed over the full momentum range
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9. Appendix

3.3. Systematic uncertainties inclusive and dijet dominant systematic uncertainties on
inclusive jet cross section measurements:

dominant systematic uncertainties on dijet cross section measurements:
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9. Appendix

4. W/Z production NNLO predicitons
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9. Appendix

4. W/Z production cross section systematic uncertainties

main bkg contributions:
- W → τν: leptonic τ decay
- Z → ll : z → µµ with one missing muon contributes to W-analysis
- Z → ττ : single or double leptonic tau decay
- tt̄ production
- QCD processes: semileptonic decays of heavy quarks, hadrons misidentified als
electrons and electrons from conversions
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9. Appendix

4. W/Z production cross section systematic uncertainties on Cw in muon channel:
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9. Appendix

W/Z production cross section meausurements, fiducial cross section:

σfid
W/Z · BR(W /Z → lν/ll) = σtot

W/Z · BR(W /Z → lν/ll) · AW/Z

AW/Z : detector acceptance for considered W/Z-boson decay
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4. W/Z production cross section meausurements
all systemativ uncertainties on total cross section results mainly dominated by CW/Z

uncertainties:
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9. Appendix

4. W+jets cross section measurements
JVF distribution:
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9. Appendix

5. W+jets cross section measurements systematic uncertainties for electron and muon
final states:
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9. Appendix

5. W+jets cross section measurements transv. mass distributions for different jet
multiplicities:
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9. Appendix

5. W+jets cross section measurements

E
ve

nt
s

210

310

410

510

610

E
ve

nt
s

210

310

410

510

610
 + jetsνe→W

=7 TeVsData 2010, 
νe→W

QCD
ντ→W

dibosons
ee→Z
ττ→Z

tt
single top

-1Ldt=36 pb∫

ATLAS

jetNInclusive Jet Multiplicity, 
0≥ 1≥ 2≥ 3≥ 4≥ 5≥

D
at

a 
/ M

C
 

0.5

1.0

 [p
b/

G
eV

]
T

/d
H

σd

-710

-610

-510

-410

-310

-210

-110

1

10

210

310
 + jetsνl→W

=7 TeVsData 2010, 
ALPGEN
SHERPA
BLACKHAT-SHERPA

-1Ldt=36 pb∫

 jets, R=0.4Tanti-k
|<4.4jet y>30 GeV, |

T

jetp

ATLAS

1 jets
≥

W + 

-1

2 jets, x10
≥W + 

-23 jets, x10≥W + 

-34 jets, x10≥W + 

 [p
b/

G
eV

]
T

/d
H

σd

-710

-610

-510

-410

-310

-210

-110

1

10

210

310

200 400 600

T
he

or
y/

D
at

a

0.5

1

1.5 1 jet≥W + 

200 400 600

T
he

or
y/

D
at

a

0.5

1

1.5

 [GeV]TH
200 400 600

T
he

or
y/

D
at

a

1

2

3 2 jets≥W + 

 [GeV]TH
200 400 600

T
he

or
y/

D
at

a

1

2

3 200 400 600

/d
M

 [p
b/

G
eV

]
σd

-710

-610

-510

-410

-310

-210

-110

1

10

210  + jetsνl→W
=7 TeVsData 2010, 

ALPGEN
SHERPA
BLACKHAT-SHERPA

-1Ldt=36 pb∫

 jets, R=0.4Tanti-k
|<4.4jet y>30 GeV, |

T

jetp

ATLAS

2 jets≥W + 

-13 jets, x10≥W + 

-24 jets, x10≥W + 

200 400 600

/d
M

 [p
b/

G
eV

]
σd

-710

-610

-510

-410

-310

-210

-110

1

10

210

m(jets) [GeV]

200 400 600

T
he

or
y/

D
at

a

0.5

1

1.5

2 2 jet≥W + 

m(jets) [GeV]

200 400 600

T
he

or
y/

D
at

a

0.5

1

1.5

2

Alena Lösle Tests of QCD 03/07/2014 42 / 24



9. Appendix

6. t̄t cross section measurements
distribution of the number of b-tagged jets:
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9. Appendix

6. t̄t cross section measurements

systematic uncertainties dilepton:

systematic uncertainties single lepton:
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