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Overview

Topics covered

− Inclusive jet production
− Exclusive jet production
− Rapidity gaps, BFKL signatures
−W/Z + n-jet production
− The t̄t cross-section
− The top-quark mass from the t̄t cross-section
− The charge asymmetry in t̄t production

Un-covered topics

− Underlying event structure, hadron production, jet shapes, track jets,
jet fragmentation functions, W/Z+b-jet-production, direct photons, . . .

− Total pp cross-section
− QCD properties of Pb-Pb collisions

Sorry, the title should really be – Selected QCD Results from ATLAS and CMS –
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Theoretical predictions and Monte Carlo tunings

The classes of predictions

− Leading Order (LO) 2→ 2 Matrix Elements (ME) plus Parton Shower (PS).
and underlying event (UE): Pythia, Herwig+Jimmy.

− LO 2→ n ME: Sherpa, MadGraph, Alpgen plus PS and UE via Pythia
or Herwig(PS)+Jimmy(UE).

− NLO calculations for up to n=3 partons: MCFM and NLOJet++.
− NLO calculations plus parton showers: MC@NLO (plus Herwig+Jimmy) and

Phoweg (plus Pythia or Herwig+Jimmy).
− All order prediction of wide-angle emissions: HEJ.

The Monte Carlo tunings to data

− ATLAS: Pythia (AMBT, MC09′), Herwig (AUET1), . . . .
− CMS: Pythia (D6T, Z2, 2C) and Herwig (2.3).

This is a variety of predictions, the data have been compared to all of them.
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A six-jet event at the LHC - ATLAS

− A rich environment with many jets, underlying event and pile-up, 〈µ〉 ≈ 0.1− 3 in 2010.

A high performance jet algorithm is needed to get the physics out.
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The anti-kt algorithm - the present work horse
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Figure 1: A sample parton-level event (generated with Herwig [8]), together with many random

soft “ghosts”, clustered with four different jets algorithms, illustrating the “active” catchment areas

of the resulting hard jets. For kt and Cam/Aachen the detailed shapes are in part determined by

the specific set of ghosts used, and change when the ghosts are modified.

have more varied shapes. Finally with the anti-kt algorithm, the hard jets are all circular

with a radius R, and only the softer jets have more complex shapes. The pair of jets near

φ = 5 and y = 2 provides an interesting example in this respect. The left-hand one is much

softer than the right-hand one. SISCone (and Cam/Aachen) place the boundary between

the jets roughly midway between them. Anti-kt instead generates a circular hard jet, which

clips a lens-shaped region out of the soft one, leaving behind a crescent.

The above properties of the anti-kt algorithm translate into concrete results for various

quantitative properties of jets, as we outline below.

2.2 Area-related properties

The most concrete context in which to quantitatively discuss the properties of jet bound-

aries for different algorithms is in the calculation of jet areas.

Two definitions were given for jet areas in [4]: the passive area (a) which measures

a jet’s susceptibility to point-like radiation, and the active area (A) which measures its

susceptibility to diffuse radiation. The simplest place to observe the impact of soft resilience

is in the passive area for a jet consisting of a hard particle p1 and a soft one p2, separated

– 4 –
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The jet shapes

Some details on the algorithm

− dij = min(1/k2
t,i, 1/k2

t,j)
∆2

ij

R2 , diB = 1/k2
t,i .

− ∆2
ij = (yi − yj)

2 + (Φi − Φj)
2 , R = 0.4 . . . 1.0

− For ∆ij > R the jet with Max kt stays alone.
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Figure 1: A sample parton-level event (generated with Herwig [8]), together with many random

soft “ghosts”, clustered with four different jets algorithms, illustrating the “active” catchment areas

of the resulting hard jets. For kt and Cam/Aachen the detailed shapes are in part determined by

the specific set of ghosts used, and change when the ghosts are modified.
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The most concrete context in which to quantitatively discuss the properties of jet bound-

aries for different algorithms is in the calculation of jet areas.
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− The resulting jet shapes are round and rigid.

The average jet area as function of pt
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Figure 2: Distribution of areas in dijet events at the LHC. We have generated events with Pythia

6.4 with a pt,min of 1TeV. Only the two hardest jets have been kept with a further requirement

|y| ≤ 2. The area distribution obtained from anti-kt (scaled by 0.1) is compared to the other

algorithms. (a) passive area at parton level; (b) active area at hadron level including the underlying

event and pileup corresponding to high luminosity LHC running.
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Figure 3: Average jet area in dijet events at the LHC. We have generated events with Herwig 6.5

and only the two hardest jets with |y| ≤ 2 have been kept. The curves correspond to the average

jet area at a given pt. The yellow band around the anti-kt line corresponds to the area fluctuations.

For clarity, the latter are not shown for the other algorithms. The encapsulated graph is a zoom

on the anti-kt results. Note that the horizontal scale is ln ln(pt/ΛQCD) with ΛQCD = 200MeV.

jets in each event that have |y| < 2), compared with those for other algorithms, and one

sees a near δ-function at an area of πR2, to be compared to the broader distributions of

other algorithms. Figure 3 shows the mean jet area, together with a band representing

the event-by-event fluctuations of the area, as a function of the jet pt in gg → gg events,

now generated with Herwig. This highlights the independence of the area on the jet pt
and, once again, the very small fluctuations in the jet area. In this respect, we recall that

– 6 –

− The area is flat with pt→ stable pile-up contribution.

LHC gg → gg,

stable particle,

di-jets, R=1

The back-reaction (BR)
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Figure 4: Distribution of back-reaction for the anti-kt algorithm as compared to kt, Cam-

bridge/Aachen and SISCone. It is calculated for dijet events simulated with Pythia 6.4 in which the

two hardest jets have pt > 200GeV and are both situated at |y| < 2. The back reaction corresponds

to the net transverse momentum change of each of the two hardest jets due to the reassignment of

non-pileup particles when one adds high-luminosity LHC pileup to the event (∼ 25 pp interactions

per bunch crossing).

Because soft radiation does not affect the boundary of anti-kt jets, it is straightforward

to see that their single-logarithmic non-global terms are identically those associated with

ideal cones, considerably simplifying their determination.

Milan factor. A crucial ingredient in analytical studies of non-perturbative effects in

event and jet-shapes is the Milan factor [15 – 17], which is the correction that relates calcu-

lations made in a single soft (almost non-perturbative) gluon approximation to calculations

in which the soft gluon splits at large angle. A remarkable characteristic of the Milan factor

(‘universality’) is that it is identical for all event shapes. This is essentially because for all

event shapes, if one takes an event with hard momenta pi and soft momenta ki, then the

event shape can be approximated as

V ({pi}, {ki}) = V ({pi}) +
∑

{ki}
fV (θi, {pi})kti (2.5)

where fV is a function specific to the event shape observable V . The key feature is the

linearity of the second term on the right-hand side of eq. (2.5) (see also [18]). If, however,

the event shape is defined for just a jet (or is simply a characteristic of the jet such as

its transverse momentum), then one loses the linear dependence on soft momenta, since

the question of whether one soft particle contributes to the observable is affected by its

potential clustering with other soft particles.

In the case of anti-kt jets, the independence of the jet boundary on the soft particle

configuration means that the approximation eq. (2.5) does hold and the Milan factor retains

its ‘universal’ value (M = 1.49 for 3 active non-perturbative flavours [15, 16]).

– 8 –

61%

− BR = Change in pt due to re-assignment of non-pileup
particles when adding 25 pile-up events.

The anti-kt algorithm has very good properties.
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Inclusive jet cross-section - CMS
4
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Figure 1: Fully-corrected inclusive jet differential cross sections as a function of pT for six differ-
ent rapidity intervals, scaled by the factors shown in the legend for easier viewing. The next-
to-leading-order (NLO) theoretical predictions, corrected for non-perturbative (NP) effects via
multiplicative factors, are superimposed.

Double differential cross-section

− CMS Particle Flow (`, γ, h±, h0) jets, ∆JES=(3-4)%

∆Lint=4% and NP: Non.-Pert. Unc. = Pythia+Herwig.
− At high pt the largest theoretical unc. is due to PDFs, i.e. the data start to constrain them.
− Experimental uncertainty mainly from Jet Energy Scale (JES), which will decrease.
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Figure 2: Ratios of the fully-corrected measured jet pT differential cross sections to the theoreti-
cal prediction as a function of pT. The error bars show the experimental statistical uncertainties.
The shaded band about the data points represent the total experimental systematic uncertainty.
The solid lines represent the total theoretical systematic uncertainty. The central predictions for
the CT10 (dashed line), MSTW2008NLO (dash-dotted line), and NNPDF2.0 (dotted line) PDF
sets are also shown.

Comparison to NLO in bins of rapidity

− The NLOJet++ description of the data is fair, but generally slightly high, esp. at large |y|.

Agreement is found within 20%, however deteriorating for larger rapidities.

QCD Results from the LHC Ringberg Castle September 28, 2011 Richard Nisius 6



Introduction Jet cross-sections Z/W + jets Top-quark physics Conclusions Backup

Inclusive di-jet cross-section - CMS

Double differential cross-section
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Figure 1: Measured double-differential dijet production cross sections (points), scaled by the
factors shown in the figure, as a function of the dijet invariant mass, in bins of the variable
|y|max, compared to the theoretical predictions (curves). The horizontal error bars represent the
bin widths, while the vertical error bars represent the statistical uncertainties of the data.

pt,1 > 60 GeV

pt,2 > 30 GeV

|y|max =

max(|y1|, |y2|)

− M2
12 = x1x2s ⇒ probing 0.0008 < x1x2 < 0.25.

Exp: ∆σ(JES) ≈ 15%(60%) for 0.2 TeV(3 TeV), ∆Mjj ≈ 7%(3%) for 0.2 TeV(3 TeV).

Comparison to NLO in bins of |y|max
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Figure 2: Ratio of the measured double-differential dijet production cross section over the the-
oretical prediction in different rapidity bins. The solid band represents the experimental sys-
tematic uncertainty and is centered around the points. The error bars on the points represent
the statistical uncertainties. The theoretical uncertainties due to PDF and the strong coupling
constant αS(MZ) (solid blue), renormalization and factorization scales (dashed red), and non-
perturbative effects (dashed-dotted green) are shown as curves centered around unity.

PDF dominant

?Non. Pert. dominant
HHHj

− Theo: ∆σ(PDF ) ≈ 5%(30%) for 0.2 TeV(3 TeV)

− Sensitivity: |y|max(large)⇒ s-channel, |y|max(small)⇒ t-channel.

The di-jet cross-section is well described, but need smaller exp. unc. to constrain the PDFs.
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The 3-jet to 2-jet ratio - CMS

The uncorrected HT distribution for 2-jet and 3-jet inclusive

4 5 Extraction of R32 from the Data

Jets (denoted MC jets) are reconstructed from particle-flow objects by means of the anti-kT jet
algorithm. The jet energy corrections and selection criteria applied to MC events are identical
to those applied to the data. Jets are also reconstructed using the anti-kT jet algorithm on the
MC four-vectors of the stable particles after hadronisation. These (hadron-level) jets, referred
to as GenJets, represent the MC prediction free of detector effects.

Detailed studies of the pT, y, and HT reconstruction are performed using the MC simulation.
The pT resolution varies from 12% at 50 GeV to 5% at 1TeV. These values are in agreement with
the resolutions extracted from data. The HT resolution found using MC jets varies from 6% at
200 GeV to 3.5% at 2.5 TeV.

Plotted in Fig. 1 (top) are the HT distributions of the inclusive 2-jet (left) and 3-jet (right) sam-
ples after all selection criteria (solid circles). The five different jet samples are normalised to
the integrated luminosity of 36 pb−1. The measurements are compared to the predictions of
PYTHIA6 tune Z2 MC (histogram), normalised to the total number of dijet events. Also shown
in Fig. 1 (bottom) is the ratio between the MC predictions and the data, separately for inclu-
sive 2-jet and 3-jet events. The MC predictions describe within 20% the shape of the measured
HT distributions in data.This test has been repeated using the predictions of MADGRAPH and
HERWIG++ MC programs with similar results.
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Figure 1: HT distributions (top) for inclusive 2-jet (left) and 3-jet (right) events for data (solid
circles) and PYTHIA6 tune Z2 MC generator (histogram). Ratios between the MC predictions
and the data (bottom).

5 Extraction of R32 from the Data
The inclusive 2-jet (dσ2/dHT) and 3-jet (dσ3/dHT) differential cross sections are extracted from
the data using

dσi

dHT
=

Ci

Lε i

Ni

ΔHT
, (2)

≥ 2-jet ≥ 3-jet
pt > 50 GeV

|y| < 2.5
HT =

∑
pt,i

Monte Carlo
normalized to
σ(≥ 2-jet)

− ∆pt ≈ 12%(5%) for 50 GeV(1 TeV) and ∆HT ≈ 6%(3.5%) for 50 GeV(1 TeV).
− The Pythia (MadGraph and Herwig) model describes the shapes toO(20%).
− The Pythia corrections to the particle level amount to about 4%(2%) for HT < (>) 0.5 TeV.

The corrected distributions will be compared to LO 2→ n-parton predictions.
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The 3-jet to 2-jet ratio - CMS

6 5 Extraction of R32 from the Data
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Figure 2: The measured R32 (solid circles) as a function of HT, and the predictions of PYTHIA6,
PYTHIA8, MADGRAPH, ALPGEN, and HERWIG++ (curves). Error bars represent statistical un-
certainties. The shaded area indicates the size of the combined systematic uncertainty.

The corrected 3-jet to 2-jet ratio

− Experimental unc. (4-10)% dominated by the knowledge of the pt dependence in the MC.

plateau.

− Alpgen: MLM matching pt = 20 GeV, R=0.7.
− MadGraph: parton matching pt = 30 GeV.
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Figure 3: The ratios of the predicted R32 values from the PYTHIA6, PYTHIA8, MADGRAPH,
ALPGEN, and HERWIG++ Monte Carlo generators to the measured value, as a function of HT.
The shaded area indicates the size of the combined statistical and systematic uncertainty.

predictions of MADGRAPH agree with the data throughout the HT range of the measurement.
On the other hand, previous studies of event shapes and dijet angular decorrelations [11, 12]
indicate that MADGRAPH does not describe these distributions well. However, R32 is con-
structed from inclusive measurements and is mainly sensitive to the probability of emitting a
third parton in the final state, whereas the other two distributions depend mainly on the final
state of the event. In contrast, the predictions of ALPGEN, PYTHIA6, PYTHIA8, and HERWIG++
are in agreement with the measured R32 for HT > 0.5 TeV, although they overestimate it for
lower values of HT.

6 Summary
The ratio of the inclusive 3-jet to 2-jet cross sections, for jets with pT > 50 GeV and |y| < 2.5,
has been measured in the range 0.2 < HT < 2.5 TeV for proton-proton collisions at a centre-of-
mass energy of 7 TeV. The measured ratio rises with increasing HT, as the phase space opens
for the production of a third jet, reaching a plateau value of about 0.8 for HT � 1 TeV.

This study tests the prediction of the different MC generators considered at TeV scales. PYTHIA6
tune Z2, MADGRAPH, and HERWIG++ describe within 20% the shape of the HT distributions
in data.

The predictions of MADGRAPH, which generates tree-level helicity amplitudes, are in agree-
ment with the measured R32 throughout the range of this measurement. ALPGEN, which also
uses this method, describes well the data for HT > 0.5 TeV, but overestimates R32 for lower HT
values. The difference between the predictions of MADGRAPH and ALPGEN is an estimate of
the uncertainty of the theoretical predictions due to the different jet-parton matching parame-
ters used by the two MC programs. The current results combined with previous measurements
of event shapes and dijet angular decorrelations indicate that whilst MADGRAPH has difficul-

Comparison to various predictions

-

− Good description at large HT. Predictions overestimate data at low-HT, but for MadGraph.

The low-HT region needs further attention.
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Inclusive multi-jet production - ATLAS

The corrections but for the JES

pt,1 > 80 GeV

pt,i > 60 GeV

|y| < 2.8

− The corrections are based on Alpgen+(Herwig+Jimmy).
− ∆σ(JES) ≈ +5%(+2.5%) for 60 GeV(1 TeV), and ’larger’ -3% everywhere.

The inclusive jet cross-section

Corrected to particle

level, τ > 10ps,

includingµ, ν.

Normalisations:

Alpgen+H 1.11
Alpgen+P 1.22

Pythia 0.65
Sherpa 1.06

fixed to σ(≥ 2-jet)

@
@
@I

shape

@
@

@
@I

full -Lint

− Compare to LO for R=0.4 (less UE dependent) and to NLO for R=0.6 (less scale dep.).

The inclusive jet multiplicty is well described by the predictions.

QCD Results from the LHC Ringberg Castle September 28, 2011 Richard Nisius 10
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Di-jet production with jet veto - ATLAS

The strategy

− Study jet activity in gap between pair of jets with:
A) highest pt⇒ pt,1, pt,2 similar
B) largest |∆y| ⇒ M12 > pt.

− Study two observables within gap:
I) Fraction of events f with no jet above pt = Q0.

II) Average jet multiplicity 〈N(pt > Q0 � Λ)〉.
− This probes: wide angle soft gluon radiation for

Q0 � pt, BFKL dynamics for large |∆y|max,
and color singlet exchange if both are fulfilled.

− The distributions are corrected to particle level.
− ∆(JES) (2-5)% in barrel and 13 % for |η| > 3.2.
⇒ ∆ ≈ 3%(7%), 3%(6%), 5%, for f , ∆y and 〈N〉.

pt > 20 GeV

pt > 50 GeV

|y| < 4.4

Q0 > 20 GeV

R = 0.6

non pert.

corrections

(2-4)%

The findings

− Herwig and Pythia are ok, except for large ∆y .
− Alpgen has too many jets, except for low scales.

Complicated interplay of various scales.

QCD Results from the LHC Ringberg Castle September 28, 2011 Richard Nisius 11
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Di-jet production with jet veto - ATLAS

A)

Gap-fraction f(∆y) The predictions

− HEJ = all order wide-angle.
− From Powheg = NLO di-jet,

the Pythia-Herwig difference
is smaller than the HEJ fact.
scale, PDF, αs uncertainties
⇒ keep HEJ at parton level.

Ratios to predictions

The findings

− The NLO prediction has
too much jet activity.

− Phoweg + Pythia is closer
to data than with Herwig.

− HEJ has too few jets,
especially for large ∆y and
at large pt/Q0 for all ∆y .

The largest deviations are seen at large pt/Q0 and/or large ∆y .

QCD Results from the LHC Ringberg Castle September 28, 2011 Richard Nisius 12
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W/Z + 1-jet production - ATLAS

− Determining the ratio W(→ `ν) + 1-jet
Z(→ `+`−) + 1-jet

(pt > p0
t ) constitutes a precision test of QCD.

− Use pt > 30 GeV, |η| < 2.8, veto events with additional jets with pt > 30 GeV.
− All EW background estimated from MC, QCD background is taken from data side-bands.
− Bgd in % for W(Z): EW: 3.4(1) e, 5(1) µ QCD: 19(0.3) e, 3.2(0.3) µ.
− Data corrected to particle level. Most uncertainties cancel in the ratio.
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Figure 1: Detector jet spectrum correction (Cμ
jet) on Rjet in the

muon channel derived from Alpgen. The uncertainty is shown as a
dashed red line, it accounts for the difference between Pythia and
Alpgen generators.

the ratio of yields corrected to particle level and finally
corrected for these remaining effects:

Rjet =
N �,W

part

N �,Z
part

× C�
jet. (3)

The jet correction for the muon channel Cμ
jet is shown in

Fig. 1. Systematic uncertainties from this correction were
evaluated on the ratio itself. The jet correction C�

jet ac-
counts for the difference of the ratio when calculated in
terms of jets defined at particle level and reconstructed
jets. The correction factor is different from unity if an off-
set exists between W+jet and Z+jet events in the jet pT
migration from particle level to detector level. This offset
is due to the different requirements applied in the W+jet
and Z+jet selections prior to the jet selections, placing
the jets into slightly different phase space regions for the
numerator and the denominator of the measurement. Per-
forming the measurement as a function of pT threshold
instead of differentially removes the effects of migration
across the upper bin edge.

7. Systematic Uncertainties

To evaluate cancellations of systematic uncertainties
which occur in the ratio, the correlations between W and
Z systematic effects must be considered. Correlations be-
tween the measurements at each jet pT threshold must also
be accounted for. The effects of systematic uncertainties
were therefore evaluated by measuring the relative change
in the ratio Rjet from each source.

The total systematic uncertainty ranges from 4% at
low jet pT to 15% for the largest pT threshold studied.
For jet pT thresholds of greater than 50 GeV the statistical
uncertainty dominates the total measurement uncertainty.

The sources of systematic uncertainties on Rjet were
grouped into uncertainties on the boson reconstruction (in-
cluding lepton trigger, reconstruction and identification ef-
ficiencies, as well as lepton and Emiss

T scale and resolution),
on jet-related corrections, multijet and electroweak back-
ground predictions, and generator-related uncertainties.

In the muon channel, where the background was found
to be small, the uncertainty on Rjet from the background
estimation was approximately 1% for the whole jet pT
range. In the electron channel, the uncertainty increases
as a function of jet pT threshold. This is due to the larger
background in the electron channel and the limited statis-
tics used to compute backgrounds for high jet pT threshold
values.

Systematic uncertainties on the multijet background
fractions were estimated by varying the criteria used to
derive the background fractions, and each includes a com-
ponent from the statistical uncertainty on the background
fraction estimation.

The estimated electroweak background is subject to
systematic uncertainties from the variation of electron iden-
tification, pT, η, E

miss
T , and by comparing samples with

and without multiple pp interactions included in the sim-
ulation.

The lepton trigger efficiency and identification uncer-
tainties were estimated following the procedure documented
in Ref. [25]. The uncertainty on the ratio from lepton
identification efficiencies was obtained directly by scaling
the single lepton identification efficiencies by their uncer-
tainties, taking into account cancellations. A contribution
to the uncertainty on the identification efficiency was as-
signed from the difference between its value derived in data
and Monte Carlo. The total identification uncertainty was
1.1% (1.7%) for electrons (muons) independent of jet pT
threshold.

The uncertainties on the scale and resolution of lepton
energies and Emiss

T were propagated to evaluate their ef-
fects on boson reconstruction by smearing the simulated
signal samples using a Gaussian with a width correspond-
ing to the nominal uncertainties. The resulting variations
in Rjet were applied as systematic uncertainties.

Uncertainties on the jet energy scale (JES) and jet en-
ergy resolution (JER) were determined from data and sim-
ulation comparisons [30]. The JES uncertainty includes
components from calibration and jet sample composition
differences. The JES calibration uncertainty varies with
|η| and pT, and ranges from 4% to 8%. The JES and
JER were measured with di-jet events, which have dif-
ferent proportions of quark and gluon initiated jets than
events containing vector bosons. Therefore, an uncertainty
was assigned to account for the difference in calorimeter
response between jets in V + jet events and the di-jet
events used for calibration, ranging from 2 to 5%, and was
added in quadrature to the JES calibration uncertainty.
The total JES uncertainty ranges from approximately 10%
at 20 GeV to 5% at 100 GeV.

To compute the effect of the JER uncertainty on the ra-
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The remaining jet-level corrections

Pythia vs. Alpgen
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Figure 2: Relative systematic uncertainties on Rjet in the electron channel (left) and in the muon channel (right). The top plot displays the
total systematic and statistics uncertainty (shown as red dashed line) versus jet pT threshold. The lower plot shows the breakdown of the
systematic uncertainties. Boson reconstruction contains the uncertainties related with the leptons and Emiss

T (including trigger and lepton
identification). Jets contains systematics of the jet correction as well as the jet energy scale and resolution. Uncertainties from each group
were added in quadrature.

tio Rjet, jets were smeared with a Gaussian with a width
corresponding to the JER. The effect of the JES uncer-
tainty on the ratio was obtained in a similar manner, but
by shifting the jet energy by its uncertainty. The ratio
was recomputed applying these variations simultaneously
to numerator and denominator, and the change was ap-
plied as a systematic uncertainty. The uncertainties on
Rjet due to the JER and JES were found to be approx-
imately 0.5% and 2% respectively. The contribution to
the uncertainty on the ratio from the small component of
heavy flavour jets is covered by the total JES uncertainty.

To account for systematics associated with the model-
ing of the signal at particle level, correction factors were
re-computed with samples generated with Pythia instead
of Alpgen, and the observed variation was applied as a
systematic uncertainty from differences in generators. Sys-
tematic uncertainties were assigned from this variation to
the following corrections: (C�

jet), the boson reconstruction

correction C�
V , and the electroweak background estima-

tion fewk. At large jet pT threshold, where the statisti-
cal uncertainty on the measurement dominates the total
uncertainty, this systematic uncertainty is limited by the
statistics of the samples used and is the dominant system-
atic uncertainty.

The uncertainties due to multiple pp interactions are
dominated by uncertainties on the efficiency of the JVF
algorithm. It was confirmed that the results obtained with
simulated signal samples which include this effect were
consistent with those obtained from samples which con-
tained no additional interactions in the simulation. The
residual difference on Rjet between samples with and with-
out multiple interactions included was used as the system-
atic error from this JVF requirement.

Corrections to the simulation for hadronisation and the

underlying event on the NLO parton-level calculation were
computed with Pythia as a function of jet pT threshold.
The impact of this correction on Rjet was found to be 1
to 6% for the electrons and 1 to 4% for the muons. The
slightly larger variation for the electrons was due to the
jet-electron isolation and the jet isolation veto included in
the corrections.

The uncertainty on the correction of the MCFM cross-
section ratio predictions for fragmentation, hadronisation
and underlying event effects was estimated by comparing
the Pythia AMBT1 [31] tune with the AMBT1 tune with
increased underlying event activity, and without any un-
derlying event. The uncertainty due to initial and final
state radiation (ISR/FSR) was evaluated by varying the
Pythia parameters controlling ISR and FSR [7]. For the
ISR the variation ranges used were similar to the ranges
used in the Perugia Soft and Perugia Hard tunes. For the
FSR the variation ranges were similar to the ranges used in
the Perugia 2011 radHi and Perugia 2011 radLo tunes [32].

Renormalisation and factorisation scale uncertainties
were estimated by varying the scales in all combinations,
up and down, by factors of two. Although these varia-
tions are arbitrary, they are motivated by the behaviour
of the NLO W+jet and Z+jet cross section dependence
on the scale. This choice has a minimal impact on the
uncertainty of the Rjet prediction. Systematic uncertain-
ties from imperfect knowledge of PDFs were computed
by summing in quadrature the dependence on each of the
22 eigenvectors characterising the CTEQ6.6 PDF set; the
uncertainty in αs was also taken into account. An alter-
native PDF set, MSTW2008 [33], with its set of 68% C.L.
eigenvectors was also examined, and the envelope of the
uncertainties from CTEQ6.6 and MSTW2008 was used as
the PDF uncertainty.

6

Lint = 33/pb

now 3.6/fb on tape

syst.O(5− 10)%

large stat component

First analysis of a potentially very precise challenge for QCD.
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W/Z + 1-jet production - ATLAS
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Figure 3: Results for Rjet in the electron channel (left) and in the muon channel (right) for their respective fiducial regions. The results
are compared to NLO predictions from MCFM (corrected to particle level using Pythia). Data are shown as black points at the lower
bin edge corresponding to the jet pT threshold with black error bars indicating the statistical uncertainties. The yellow band shows all
systematic uncertainties added in quadrature and the green band shows statistical and systematic uncertainties added in quadrature. The
theory uncertainty (dashed line) shown on the MCFM prediction includes uncertainties from PDF and renormalisation and factorisation
scales. Note that these threshold data and their associated uncertainties are correlated between bins.

jet pT Electron Fiducial Muon Fiducial Combined Boson Full Phase Space
Threshold |ηe| < 2.47 |ημ| < 2.4 |η�| < 2.5
( GeV) (excl. 1.37 < η < 1.52)

30 8.73 ± 0.3 ± 0.40 8.49 ± 0.23 ± 0.33 8.29 ± 0.18 ± 0.28 10.13 ± 0.22 ± 0.45
40 8.23 ± 0.35 ± 0.41 7.74 ± 0.26 ± 0.30 7.67 ± 0.20 ± 0.24 9.89 ± 0.26 ± 0.38
50 7.77 ± 0.42 ± 0.39 7.7 ± 0.37 ± 0.30 7.46 ± 0.27 ± 0.25 9.97 ± 0.36 ± 0.39
60 7.10 ± 0.47 ± 0.36 7.54 ± 0.46 ± 0.30 7.07 ± 0.32 ± 0.24 9.64 ± 0.43 ± 0.39
70 7.04 ± 0.55 ± 0.32 6.64 ± 0.49 ± 0.27 6.59 ± 0.35 ± 0.22 9.07 ± 0.49 ± 0.41
80 6.58 ± 0.6 ± 0.33 6.33 ± 0.53 ± 0.27 6.22 ± 0.38 ± 0.23 8.58 ± 0.53 ± 0.46
90 6.72 ± 0.77 ± 0.36 6.83 ± 0.74 ± 0.27 6.53 ± 0.51 ± 0.23 9.02 ± 0.71 ± 0.51
100 5.88 ± 0.75 ± 0.35 6.82 ± 0.87 ± 0.28 6.02 ± 0.54 ± 0.23 8.33 ± 0.75 ± 0.48
110 5.90 ± 0.87 ± 0.44 6.76 ± 1.05 ± 0.28 6.01 ± 0.64 ± 0.28 8.25 ± 0.88 ± 0.53
120 5.74 ± 0.95 ± 0.38 6.34 ± 1.20 ± 0.31 5.72 ± 0.71 ± 0.26 7.93 ± 0.98 ± 0.52
130 5.76 ± 1.12 ± 0.45 7.22 ± 1.72 ± 0.30 5.95 ± 0.89 ± 0.31 8.31 ± 1.25 ± 0.55
140 5.23 ± 1.1 ± 0.66 8.04 ± 2.17 ± 0.56 5.62 ± 0.93 ± 0.50 7.94 ± 1.31 ± 0.76
150 5.58 ± 1.4 ± 0.50 7.40 ± 2.37 ± 0.76 5.70 ± 1.13 ± 0.40 8.15 ± 1.62 ± 0.67
160 4.99 ± 1.35 ± 0.47 5.17 ± 1.72 ± 0.48 4.83 ± 1.01 ± 0.36 6.92 ± 1.44 ± 0.56
170 6.19 ± 2.02 ± 0.70 5.30 ± 2.09 ± 0.59 5.53 ± 1.39 ± 0.53 7.97 ± 2.00 ± 0.84
180 6.42 ± 2.17 ± 0.57 5.72 ± 2.54 ± 0.86 5.86 ± 1.57 ± 0.55 8.38 ± 2.24 ± 1.25
190 6.9 ± 2.5 ± 0.94 5.70 ± 2.65 ± 0.84 6.04 ± 1.72 ± 0.72 8.43 ± 2.40 ± 1.46

Table 3: Measured Rjet in the electron, muon and combined channels. The extrapolation to a common fiducial region for the combination
decreases the value of the ratio for both channels. Values are reported with statistical and systematic uncertainties, respectively.

8

The muon channel result

Muon: 8.49 ± 0.23 ± 0.33

Pythia: LO 2→ 2
Alpgen: LO 2→ n

MCFM: NLO 2→ 2
corrected with Pythia

MCFM uncertainties

PDF + scales

Electron: 8.73 ± 0.30 ± 0.40

 l 
l )

 +
 1

-je
t)

→
(Z

 (
σ

) +
 1

-je
t)

ν
 l 

→
(W

 (
σ

4

6

8

10

12

14

16
 Channels combinedμData e-

Total syst. uncertainty
 stat. uncertainty⊕Total syst. 

MCFM

-1 Ldt = 33 pb∫
ATLAS

 > 20 GeV
T

| < 2.5, pη|

 l 
l )

 +
 1

-je
t)

→
(Z

 (
σ

) +
 1

-je
t)

ν
 l 

→
(W

 (
σ

4

6

8

10

12

14

16

 Threshold [GeV]
T

Jet p
40 60 80 100 120 140 160 180 200

Th
eo

ry
 / 

D
at

a 
ra

tio

0.6

0.8

1

1.2

1.4
PYTHIA
ALPGEN

MCFM

 Threshold [GeV]
T

Jet p
40 60 80 100 120 140 160 180 200

Th
eo

ry
 / 

D
at

a 
ra

tio

0.6

0.8

1

1.2

1.4

 l 
l )

 +
 1

-je
t)

→
(Z

 (
σ

) +
 1

-je
t)

ν
 l 

→
(W

 (
σ

4

6

8

10

12

14

16
 Channels combinedμData e-

Total syst. uncertainty
 stat. uncertainty⊕Total syst. 

MCFM

-1 Ldt = 33 pb∫
ATLAS

Full Boson Phase Space

 l 
l )

 +
 1

-je
t)

→
(Z

 (
σ

) +
 1

-je
t)

ν
 l 

→
(W

 (
σ

4

6

8

10

12

14

16

 Threshold [GeV]
T

Jet p
40 60 80 100 120 140 160 180 200

Th
eo

ry
 / 

D
at

a 
ra

tio

0.6

0.8

1

1.2

1.4
PYTHIA
ALPGEN

MCFM

 Threshold [GeV]
T

Jet p
40 60 80 100 120 140 160 180 200

Th
eo

ry
 / 

D
at

a 
ra

tio

0.6

0.8

1

1.2

1.4

Figure 4: Left: Combined electron and muon results for Rjet in a common fiducial region. The results are compared to predictions from
MCFM (corrected to particle level). Data are shown with black error bars indicating the statistical uncertainties. The yellow band shows all
systematic uncertainties added in quadrature and the green band shows statistical and systematic uncertainties added in quadrature. The
theory uncertainty (dashed line) includes contributions from PDF and renormalisation and factorisation scales. Right: Combined electron and
muon results for Rjet extrapolated to the total phase space. Note that these threshold data and their associated uncertainties are correlated
between bins.

fiducial phase space for electrons and muons. The ratio
was measured to be 8.73 ± 0.30 (stat) ± 0.40 (syst) in the
electron channel, and 8.49± 0.23 (stat)± 0.33 (syst) in the
muon channel at a jet pT threshold of 30 GeV (Table 3).
Results have also been extrapolated to |η| < 2.5 and com-
bined, yielding 8.29± 0.18 (stat)± 0.28 (syst), and extrap-
olated to the full phase of the boson and combined giving
10.13 ± 0.22 (stat) ± 0.45 (syst). The design of the mea-
surement allows a cancellation of many theoretical and
systematic uncertainties. These results are provided as a
function of jet pT threshold from 30 to 200 GeV, exploring
the transition region of electroweak scale breaking in the
perturbative jet production. This measurement builds the
foundations of a high precision test of the Standard Model,
and provides model-independent sensitivity to new physics
coupling to leptons and jets. Comparisons with LO and
NLO perturbative QCD predictions were made and found
to be in agreement with data over the jet pT threshold
range covered by this measurement.
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The combined result

− Combined: 8.29 ± 0.18 ± 0.28, corrected to a common
phase space, (e and µ have slightly different acceptances).

Good agreement at low pt, at large pt the data is statistically limited.
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The t̄t cross-section - CMS

The sensitive distribution
4.1 Fit Procedure 5
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Figure 1: Secondary vertex mass distribution for bottom, charm, and light flavor jets. The
bottom and charm templates are taken from simulated tt events and the light flavor shape is
taken from simulated W+jet events.

The templates for the W and Z contributions are normalized such that the NNLO predictions
are equal to unity. During the profile likelihood maximization, the normalizations of these
components are extracted. A full detector unfolding is not done, so this is not a meaningful
measurement of the W(Z)+jets cross section, however the impact of the renormalization and
factorization scales on the tt cross section is found to be smaller than that predicted by an ad
hoc variation of the scales.

The W and Z+ jets backgrounds come from V+b jets, V+c jets, and V+light flavor events.
The same k-factor of 1.30 (defined in Section 3) is applied to all three flavors as inputs to the
likelihood fit (although the three components are allowed to float independently in the fit). An
additional electroweak background is single-top (s and t and tW channels) events.

The shape of the jet multiplicity distribution (Njet) depends on the choice of the jet pT thresh-
old, and thus is also sensitive to the jet energy scale (JES). In this sense, the fit is intrinsically
able to determine the JES from the variations of the Njet distribution as a function of JES. The
uncertainty in the b-tag efficiency is also extracted directly from the fit, by using the changes in
the relative rates of 1-tag, and 2-tag events. A larger b-tag efficiency will result in events mov-
ing from 1-tag to 2-tag samples. In contrast, an overall increase in all tag bins together would
indicate an increase in the tt cross section. The combined in-situ measurement of the yields of
principal backgrounds and parameters describing main systematic uncertainties leads to a sig-
nificant improvement over analyses which use more conventional techniques for tagged cross
section measurements.

There are several “nonprompt-W” or “QCD” backgrounds for the muon and electron analyses.
The QCD background in the muon-plus-jets channel comes from multijet events with heavy
flavor decays, kaon and pion decays in flight, and hadronic punch-through in the muon system.
Because these are difficult to calculate to the required precision we derive these backgrounds
from the data. The normalization is determined by using a comparison of data and simulation
in the data sideband region with ET/ < 20 GeV. The ratio is used to scale the predicted yields
for ET/ > 20 GeV. The shapes and normalizations of the tt, W and Z+jets are well described
by the Monte Carlo simulation and are modeled that way. The shape of the QCD component
is derived from the nonisolated (Irel > 0.2) data. Because of the correlations between ET/ and
isolation, the templates for the QCD estimate from the data that are taken from nonisolated
samples are modified using the shape taken from the QCD simulation. This treatment is similar
in spirit to the QCD treatment in the recent CMS W and Z cross-section measurements [35].

Some analysis details

− Use one discriminative variable.
− Combine lepton channels.
− Exploit a number of statistically

independent sub-sets of data with different signal to background compositions.
− The analysis is already systematics limited for the 2010 data with Lint = 36pb−1.
− Use profile likelihood, i.e. allow systematics to cancel each other, within bounds.

The combined fit

10 4 Cross Section Measurements

The resulting cross section is

σtt = 158± 14 (stat.)± 19 (syst.)± 6 (lumi.)pb. (7)

From the fit we obtain a result of 97± 6% for the b-tag scale factor and 103± 8% for the jet
energy calibration. The scale factors for the W+b jets and W+c jets components are 1.4 +0.8

−0.6
and 1.4 +0.4

−0.3, respectively. These are in agreement with the results from the muon channel. The
contributions to the systematic uncertainty are summarized in Table 3.

4.4 Simultaneous Muon and Electron Channel Analysis

Having established the consistency of the separate channel measurements, we now proceed to
perform a combined fit to both channels. To establish our best measurement, we repeat the
fit procedure and apply it simultaneously to the data in both the electron and muon channels.
We find that the resulting fitted event yields in each tag category are in good agreement with
those obtained from the separate channel fits (Tables 2 and 4). Figure 2 shows the comparison
of the corresponding observed and fitted vertex mass distributions. Figure 3 shows the data
for ≥ 3 jets and ≥ 1 b-tag, and the fit results for the total transverse energy of the event (HT),
the missing transverse energy (Emiss

T ), and the transverse mass of the W (MW
T ). We find good

agreement in all cases.

Figure 2: Results of the combined muon and electron channel fit. The muon channel is shown
on the left and the electron channel on the right. The plots on the top are for exactly 1 b tag
and those on the bottom are for ≥2 b tags. The histograms within the top panel correspond
to events with 1, 2, 3, 4 and ≥5 jets, respectively, while the bottom panel shows histograms
corresponding to events with 2, 3, 4 and ≥5jets.

The correlation matrix for the combined fit is listed in Table 5. All of the terms are as defined
in the text. The combined analysis cross section measurement is

Muon Electron

jets -

b-jets

?

The analyses explores one observable for different jet and b-jet multiplicities.
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The t̄t cross-section - ATLAS

A discriminating distribution

Some analysis details

− Very similar to CMS, however, uses four distributions
and no b-tagging (was largest syst. for ATLAS).

− QCD and W+jets (normalization) from data, other from MC.

− Example: HTp,3 = pt(3)+pt(4)
pt(1...4)+pt(`)+pt(ν)

, η`, pt,max, aplanarity.

The combined fit

− Likelihood fit gives fractions and nuissance parameters.

Some analysis details

before

after

− The fit improves on the data description.

The analyses explores various obervables for different jet multiplicities.
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The t̄t cross-section - Results

Latest LHC combined figure

Latest prel. LHC measurements (σt̄t in pb)

Exp(Lumi) Value stat.+sys. lumi
CMS (0.8-1.1/fb) 164.4 12.2 7.4

ATLAS (0.7/fb) 179.0 9.8 6.6

Theoretical predictions
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Figure 4. Gluon–gluon luminosities as the ratio with respect to MSTW 2008 for (a) NLO at the

Tevatron, (b) NNLO at the Tevatron, (c) NLO at the LHC, and (d) NNLO at the LHC.

scaling violations of HERA data, ∂F2/∂ ln(Q2) ∼ αS g, therefore more gluon is required

at high x from the momentum sum rule. Both these effects, larger αS and more high-x

gluon, raise the Tevatron Higgs cross section and improve the quality of the description

of Tevatron jet data, as we will see in section 3. The NNLO trend between groups is

similar to at NLO [6]. There is reasonable agreement for the global fits, but more variation

for the other sets, particularly at large ŝ, where HERAPDF1.0 and ABKM09 have much

softer high-x gluon distributions, and this feature has a direct impact on the gg → H cross

sections, particularly at the Tevatron (see figure 2).

2.3 Dependence on strong coupling αS

The various PDF fitting groups take different approaches to the values of the strong cou-

pling αS and, for consistency, the same value as used in the fit should be used in subsequent

cross-section calculations. The values of αS(M
2
Z), and the corresponding uncertainties, for

MSTW08, ABKM09 and GJR08/JR09 are obtained from a simultaneous fit with the PDF

parameters. Other groups choose a fixed value, generally close to the world average [31],

and for those groups we assume a 1-σ uncertainty of ±0.0012 [26], very similar to the

MSTW08 uncertainty. The central values and 1-σ uncertainties are depicted in figure 5 as

the larger symbols and error bars, while the smaller symbols indicate the PDF sets with

– 7 –

R.S.Thorne, G. Watt arXiv:1106.5789
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Figure 13. tt̄ total cross sections, plotted as a function of αS(M
2
Z), at NLO, for mt = 171.3 GeV.
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Figure 14. tt̄ total cross sections, plotted as a function of αS(M
2
Z), at NNLO, for mt = 171.3 GeV.

exact analytic result [73] instead of the original numerical result [69], giving cross sections

around 0.03% larger (i.e. an insignificant amount) when both results are evaluated with

high integration precision.

We show the tt̄ total cross sections, plotted as a function of αS(M
2
Z), in figures 13 and

14, with (a) 68% C.L. uncertainties on the left and (b) 90% C.L. uncertainties on the right.

More than 80% of the NLO tt̄ cross section comes from the gg channel for the LHC with√
s = 7 TeV, rising to almost 90% at

√
s = 14 TeV, compared to less than 15% at the

Tevatron (
√
s = 1.96 TeV). The significant difference in the initial parton composition for

tt̄ production is due partly to the lower Tevatron energy (pp collisions at
√
s = 1.96 TeV

would give around 50% of the tt̄ cross section from the gg channel), but mainly due to the

valence–valence nature of the qq̄ → tt̄ channel in pp̄ collisions. The partonic subprocess is

O(α2
S) at LO. There is therefore a strong dependence on both the gluon distribution (at

x ∼ 2mt/
√
s = 0.05) and αS . The approximate NNLO corrections seem to be reasonably

small, especially when taking different αS(M
2
Z) values at different perturbative orders, but

there are currently many “NNLO” choices and only one possibility is shown in figure 14. A

more complete study of the theoretical uncertainties in the approximate NNLO calculation

– 22 –

G. Watt

arXiv:1106.5788

The experimental precision challenges the predictions.
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Measure mtop from the σt̄t - general considerations

The cross-section σt̄t(mtop(MS))
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Top-quark production at the Tevatron and LHC Peter Uwer

experimentally it would provide a sensitive method to measure the top-quark mass similar to what
is proposed for a future e+e− linear collider. The correction of the total cross section due to this
effect is of the order of 10 pb at the LHC with

√
S = 14 TeV. At the Tevatron where color octet

production dominates this effect is less important.
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Figure 1: The total cross section using the MS mass (left). The determination of the MS mass (right).

It is known that the pole mass of a quark is not a well defined concept in QCD [24, 25]. As
a consequence the pole mass has an intrinsic uncertainty of the order of ΛQCD. Aiming for mass
measurements with an accuracy of 1 GeV or even below it is clear that the use of the pole mass is
questionable. An alternative idea to the currently pursued measurements at the Tevatron could be to
recalculate the total cross section using the MS mass instead of the pole mass. From the comparison
of the measured cross sections with the theoretical predictions a direct determination of the MS
mass is possible. This has been done recently for the first time in Ref. [3]. At the Tevatron, the
use of the MS mass leads to an improved behavior of the perturbative expansion compared to the
pole mass. In Fig. 1 the different orders in perturbation theory that is leading-order, next-to-leading
order and the approximation to NNLO are shown using the MS mass. We observe that the NLO
curve and the approximation to NNLO are very close to each other showing the aforementioned
improvement. Due to the improved convergence the extracted values of the top-quark running mass
are very stable with respect to different orders. The determination is illustrated in Fig. 1 and the
results are shown in Tab. 1.

LO NLO NNLOapprox

m(m) 159.2+3.5
−3.4 159.8+3.3

−3.3 160.0+3.3
−3.2

Table 1: Determination of the running mass from cross section measurements.

4. HATHOR — HAdronic Top and Heavy crOss section calculatoR

The aforementioned theoretical progress has to be made accessible to the experimental analy-
sis. Recently a program has been published including the QCD corrections mentioned before [26].

4

Langenfeld et al., PoS (ICHEP2010) 082

The strategy

− σt̄t(mtop) is known at NLO, NLO+(N)NLL
or approx. NNLO.

− Measure σt̄t(mtop), profit from ∆ mtop

mtop
≈ 1

5
∆σt̄t
σt̄t

.
− So: σt̄t(mtop) = (8.2± 0.8) pb (10%)

⇒ mtop = (163± 3) GeV (2%).

The caveat

− This is only true if the measurement of σt̄t

does not depend on mtop itself.
− However, the acceptance is not flat, but

a function of the mtop (MC) parameter used.
in the LO (NLO) Monte Carlo.Theory predictions

− Use mtop (pole): Treat quark as free and long lived, or mtop (MS): Treat mass as a coupling.
− Relate mtop (MS) and mtop (pole), i.e. mtop(pole) = 172 GeV ⇒ mtop(MS) = 162 GeV.
− The difference of mtop (MC), mtop (pole) is expected to beO(1 GeV) so: Where to put the data?

The dependence on the mass definition is significant.
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Measure mtop from the σt̄t - results

The ATLAS measuremement mtop(direct) = (173.18 ± 0.56 ± 0.76) GeV

<1 GeV (0.6%)

Interprete the result

− ∆σt̄t(exp) = 13%⇒ ∆ mtop(exp) = 3%,

But: σt̄t(160)−σt̄t(172.5)
σt̄t(172.5)

= 18%

⇒ Need to find an mtop independent !? selection.
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Comparison to D0 measurement

− σt̄t(exp) = 8.13 + 1.02
− 0.90 pb yields ∆ mtop = O(5) GeV.

− Use σt̄t(mpole
top ) and σt̄t(MS) while assuming mMC

top = mpole
top

or mMC
top = mMS

top ⇒ ∆ mtop = O(3) GeV.

The measurement is hampered by its interpretation.
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The charge (forward-backward) asymmetry

The two sources of the asymmetry

2 The QCD induced charge asymmetry

The QCD induced charge asymmetry in the reaction qq̄ → tt̄(g) is generated by the interference of final-
state with initial-state gluon radiation [Fig. 1, (a)×(b)] and by the interference of virtual box diagrams
with the Born process [Fig. 1, (c)×(d)]. The asymmetric contribution of the virtual corrections exhibit
soft singularities that are canceled by the real contribution, but do not exhibit collinear light quark mass
singularities which would have to be absorbed by the lowest order process which however is symmetric.
Ultraviolet divergences are absent for the same reason. The virtual plus soft radiation on one hand and
the real hard radiation on the other contribute with opposite signs, with the former always larger that the
latter such that the inclusive asymmetry becomes positive. Top quarks are thus preferentially emitted in
the direction of the incoming quark at the partonic level, which translates to a preference in the direction
of the incoming proton in pp̄ collisions. Flavour excitation gq(q̄) → tt̄X generates already at tree-level
a forward–backward asymmetry which at Tevatron is also positive although one order of magnitude
smaller than the asymmetry from qq̄ annihilation.

(c) (d)

(b)(a)

q

q

Q

Q

Figure 1: Origin of the QCD charge asymmetry in hadroproduction of heavy quarks: interference of
final-state (a) with initial-state (b) gluon bremsstrahlung, plus interference of the double virtual gluon
exchange (c) with the Born diagram (d). Only representative diagrams are shown.

The differential charge asymmetry of the single quark rapidity distribution is defined through

A(y) =
Nt(y)−Nt̄(y)

Nt(y) +Nt̄(y)
, (4)

where y denotes the rapidity of the top (antitop) quark in the laboratory frame and N(y) = dσ/dy. Since
Nt̄(y) = Nt(−y) as a consequence of charge conjugation symmetry, A(y) can also be interpreted as a
forward–backward asymmetry of the top quark. We have updated our previous analysis [2] by using the
new value of the top quark mass, mt = 170.9 ± 1.1 (stat) ± 1.5 (sys) GeV [21], and the new set of
MSRT2004 [22] structure functions. For the total charge asymmetry at

√
s = 1.96 TeV we predict

A =
Nt(y ≥ 0)−Nt̄(y ≥ 0)

Nt(y ≥ 0) +Nt̄(y ≥ 0)
= 0.051(6) , (5)

3

1) < 0

|2| > |1|

2) > 0

The formulas

− Rapidity: y = 1
2 ln E+pz

E−pz
.

− Single Asymmetry: App̄ =
Nt(y≥0)−Nt̄(y≥0)
Nt(y≥0)+Nt̄(y≥0)

.

− Difference: ∆y = yt − yt̄ = q`(y` − yhad).

− Pair Asymmetry: At̄t =
N(∆y≥0)−N(∆y≤0)
N(∆y≥0)+N(∆y≤0)

.

− At̄t/App̄(QCD,%) = 8/5(≈ 1) TeV (LHC).

− CP-Invariance: CP|Nt(y) 〉 = |Nt̄(−y) 〉.
Charge↔ forward-backward, if defined.

− Only caused by quark initiated processes, i.e. gluon initiated processes dilute Af f̄ .
⇒ Af f̄ (Tevatron) > Af f̄ (LHC) because qq̄/gg ≈ 90/10 (15/85) for Tevatron (LHC).

− Af f̄ > 0, however selecting 1) or 2) could help to look for consistency.
− The asymmetry is NLO in σt̄t, i.e. it is only known at LO! Af f̄ depends on pt(t̄t),∆y,Mt̄t, . . .

− At̄t > App̄ because all pairs contribute, i.e. At̄t is theoretically preferred.
− The channel t̄t→ lepton+jets is used. App̄ only needs yhad = y(qqb). In contrast, At̄t also

needs y` = y(b`ν) which has a worse angular resolution, i.e. experimentally App̄ is easier.

The asymmetry values measured at Tevatron created some excitement.
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The charge asymmetry - Tevatron results 11
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FIG. 5: Four-bin representation of rapidity distributions for all correction levels. Solid histogram is the pythia tt̄ model.

TABLE V: Systematic uncertainties on parton-level asymme-
tries in both frames.

effect δApp̄ δAtt̄

background magnitude 0.015 0.011
background shape 0.014 0.007
ISR/FSR 0.010 0.001
JES 0.003 0.007
PDF 0.005 0.005
color reconnection 0.001 0.004
LO MC generator 0.005 0.005
total 0.024 0.017

It is possible that the corrections in the presence of
a large asymmetry would differ from the corrections de-
rived from the symmetric pythia. We have studied this
possibility by applying the pythia- based response cor-
rections to the OctetA model, which has an asymmetry
like the data and a resemblance to the data in all other
respects. We find that the bias in the corrected inclusive
asymmetries is small, roughly 0.02, and we take this as
evidence that the technique is essentially robust against
perturbations of this kind. Since we have no reason to
prefer the prediction of this or any other model, we do
not include a modeling uncertainty. Our inclusive results
assume the corrections and uncertainties calculated with
the standard pythia model.

Fig. 5 shows the Δy and ypp̄t distributions at all of the
correction levels in the four-bin representation. The ef-
fect of the background subtraction is clear. The tt̄ signal
(squares) derived from the background subtracted data
can be directly compared with the pythia signal pre-
diction, and continues to show the asymmetries. The
corrected distribution at the parton-level (triangles) can
also be compared to the symmetric pythia prediction.

TABLE VI: Summary of inclusive asymmetries. Uncertainties
include statistical, systematic, and theoretical uncertainties.

sample level Att̄ App̄

data data 0.057± 0.028 0.073± 0.028
mc@nlo tt̄+bkg 0.017± 0.004 0.001± 0.003
data signal 0.075± 0.037 0.110± 0.039
mc@nlo tt̄ 0.024± 0.005 0.018± 0.005
data parton 0.158± 0.074 0.150± 0.055
mcfm parton 0.058± 0.009 0.038± 0.006

Table VI summarizes the measured asymmetries for
the different levels of correction. It is interesting that
at the data-level in the laboratory frame we compare to
a model prediction that is consistent with zero. When
the backgrounds are subtracted from the reconstructed
data we can calculate the asymmetry for a pure tt̄ sam-
ple at the signal level, and compare directly to mc@nlo
tt̄. The signal uncertainty here includes the uncertainty
on the background correction. Correcting for acceptance
and reconstruction resolution yields the tt̄ parton-level
asymmetry, where the uncertainty includes the effects
listed in Table V. The parton-level asymmetry may be
directly compared with the standard model prediction of
mcfm.

The experimentally simple laboratory frame asymme-
try exceeds the prediction by more than two standard
deviations at all correction levels. The tt̄ frame asymme-
tries are similar in magnitude to the laboratory frame,
but less significant because of the larger uncertainties.
The ratio of the parton-level asymmetries in the two
frames is App̄/Att̄ = 0.95 ± 0.41, where the error is cor-
rected for the expected correlation across frames in the
NLO QCD assumption. This measured ratio is consis-
tent with the expected SM NLO value of 0.6, but the
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FIG. 2. The discriminant for events with (a) Δy < 0 and (b)
Δy > 0.
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FIG. 3. The reconstructed Δy. Bin widths correspond to
about half of the detector resolution in Δy.

range of each bin, with the disadvantage that the migra-
tion across the Δy = 0 boundary is under-estimated for
events near Δy = 0 while it is over-estimated for events
near the outer edges of the central bins.
Since the regularization suppresses the badly-measured

components of the data, it can also suppress part of the
tt̄ production asymmetry. We calibrate the unfolding
using ensembles of pseudo-datasets (PDSs). Each PDS
is generated including signal and background contribu-
tions and is unfolded using the same procedure as for D0
data. We use the Δy distribution of tt̄ events predicted
by mc@nlo and a wide variety of distributions inspired
by the scenarios beyond the SM, which were listed in the
introduction. We choose a regularization strength that
balances the statistical strength of the measurement and
its model dependence. We find that the unfolded asym-
metries are smaller than the input values by a multiplica-
tive factor of 0.93±0.05, where the uncertainty covers the
various scenarios with AFB > 5% and the SM scenario.

All values and uncertainties given for the unfolded AFB

are corrected for this bias, and the uncertainty in this
factor is propagated to the result.
We estimate the statistical uncertainty on the unfolded

asymmetry from its RMS in an ensemble based on the
mc@nlo prediction. The regularized fine-bin unfolding
results in a statistical uncertainty on AFB of 6.0%, while
the coarse-bin matrix inversion technique [8, 9] results in
a statistical uncertainty of 7.7%. The results of the fine-
bin unfolding are given in Table IV. For comparison, the
4-bin unfolding procedure yields AFB = (16.9± 8.1)%,
with the statistical and systematic uncertainties com-
bined.

TABLE IV. Δy-based asymmetries.

AFB (%)
Reconstruction level Production level

Data 9.2± 3.7 19.6± 6.5
mc@nlo 2.4± 0.7 5.0± 0.1

The difference between measured and predicted asym-
metries at the production level has a statistical signifi-
cance that corresponds to 2.4 SD, while it is 1.9 SD at
the reconstruction level. Given the SM hypothesis, the
probability to have this or a larger difference in signifi-
cance between the reconstruction and production levels
is 43%.

VII. MEASURING THE LEPTON-BASED
ASYMMETRY

An alternative to measuring and unfolding AFB is to
measure the asymmetry Al

FB, defined in Eq. 3. The pro-
cedure to measureAl

FB at the reconstruction level is iden-
tical to that for AFB. Figure 4 shows the distribution of
qlyl. In simulated tt̄ events, the correlation between qlyl
and the reconstructed Δy is 38%. Background subtrac-
tion is performed using a fit for events selected with an
additional requirement of |yl| < 1.5, as described below.
The results of the fit are given in Table V.

l
y

l
q-1.5 -1 -0.5 0 0.5 1 1.5

Ev
en

ts

20

40

60

80

100

120

140

160 tt
+jetsW

Multijet
Data

-1DØ, 5.4 fb

FIG. 4. The reconstructed charge-signed lepton rapidity.

Lepton reconstruction offers excellent angular resolu-
tion and accurate determination of electric charge, mak-

Results on At̄t in (%)

Exp/Theo all At̄t(∆y < 1) At̄t(∆y > 1)
CDF 15.8± 7.4 2.6± 10.4± 5.6 61.1± 21.0± 14.7

MCFM 5.8± 0.9 3.9± 0.6 12.3± 1.8
D0 19.6± 6.5 6.1± 4.1 21.3± 9.7

MC@NLO 5.0± 0.1 1.4± 0.6 6.3± 1.6

At̄t(Mt̄t < 450 GeV) At̄t(Mt̄t > 450 GeV)
CDF −11.6± 14.6± 4.7 47.5± 10.1± 4.9

MCFM 4.0± 0.6 8.8± 1.3
D0 7.8± 4.8 11.5± 6.0

MC@NLO 1.3± 0.6 4.3± 1.3

both high!

rise
not sign.

rise
not sign.
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X. RESULTS AND DISCUSSION

Tables IV and VI summarize our measurements of the
Δy- and lepton-based asymmetries at the reconstruction
and production levels. The measurements are signifi-
cantly higher than the mc@nlo-based predictions.
Within the SM, the tt̄ production asymmetry first

arises at order α3
s as a result of interference of several

production diagrams. At this order, interference of the
Born and box diagrams results in positive asymmetry in
two-body production, while negative contributions to the
asymmetry arise from tt̄g production. Thus, the asym-
metry is likely to show a dependence on variables that
indicate the presence of extra gluons, in particular the
multiplicity and kinematics of additional jets. As shown
in Table II, the asymmetry in the lepton+4 jets subsam-
ple is observed to be positive, while its most likely value
is negative in the lepton+≥5 jets subsample.
An extra parton does not always result in the recon-

struction of an extra jet, which is required to exceed a
prescribed energy threshold, and be within the accep-
tance of the detector. In particular, a gluon emitted by
an initial-state parton is likely to be too forward and/or
too soft to be registered as a jet. The transverse mo-
mentum of the tt̄ system, on the other hand, is sensitive
to both soft and hard gluon radiation. Low values of ptt̄T
correspond predominantly to two-body production, while
regions of large ptt̄T correspond to three-body diagrams,
which do not necessarily produce an extra reconstructed
jet. The dependence of the asymmetry on the presence
of an extra jet has been studied in the literature [27], but
we are not aware of studies of a dependence on ptt̄T .
As shown in Fig. 6, some event generators predict that

the tt̄ production asymmetry has a strong dependence on
ptt̄T , while others do not. In particular, this dependence
is present in pythia tunes that force an angular coher-
ence between the top quarks and the initial state parton
showers (with the MSTP(67) parameter). We account for
this possible dependence in the systematic uncertainties
on the measured asymmetries due to signal modeling.
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FIG. 6. The tt̄ asymmetry versus ptt̄T as predicted by
mc@nlo+herwig. For comparison, the predictions from
pythia with different tunes [28] are also shown.
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FIG. 7. The reconstructed ptt̄T . The hatched band represents
systematic uncertainties due to the jet energy scale and reso-
lution. Data points are compared to predictions based on (a)
mc@nlo and (b) pythia with ISR off. Bin widths correspond

to about half of the detector resolution in ptt̄T .

As the predicted asymmetry may be sensitive to the
modeling of gluon radiation, we examine ptt̄T in data. Fig-

ure 7(a) shows that the ptt̄T spectrum is softer in data than
in the mc@nlo-based model, indicating less gluon emis-
sion. To verify this hypothesis, we simulate tt̄ events
using pythia with initial state radiation (ISR) turned
off. This unrealistic scenario, presented in Fig. 7(b), is in
better agreement with the data. Together with the fact
that final states without extra gluons are associated with
positive predicted AFB, this suggests that future simu-
lations that predict softer ptt̄T spectra may also predict
higher inclusive asymmetries. In pythia the main effect
of the additional QCD radiation is to boost the previ-
ously generated tt̄ 4-vectors, so turning the ISR off has
little effect on the inclusive production asymmetry.
Including the α4

s terms in the calculation of AFB for
tt̄j processes yields an asymmetry that is significantly
less negative than at order α3

s [29]. Reference [30] argues
that this does not affect the inclusive asymmetry in tt̄
production.

XI. SUMMARY

We measure the forward-backward asymmetry in top
quark-antiquark production, defined according to the ra-
pidity difference between the top and antitop quarks. Af-
ter background subtraction, we find a reconstructed tt̄
asymmetry of AFB = (9.2± 3.7)%, to be compared with
the mc@nlo-based prediction of (2.4± 0.7)%. We find
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modeling of gluon radiation, we examine ptt̄T in data. Fig-

ure 7(a) shows that the ptt̄T spectrum is softer in data than
in the mc@nlo-based model, indicating less gluon emis-
sion. To verify this hypothesis, we simulate tt̄ events
using pythia with initial state radiation (ISR) turned
off. This unrealistic scenario, presented in Fig. 7(b), is in
better agreement with the data. Together with the fact
that final states without extra gluons are associated with
positive predicted AFB, this suggests that future simu-
lations that predict softer ptt̄T spectra may also predict
higher inclusive asymmetries. In pythia the main effect
of the additional QCD radiation is to boost the previ-
ously generated tt̄ 4-vectors, so turning the ISR off has
little effect on the inclusive production asymmetry.
Including the α4

s terms in the calculation of AFB for
tt̄j processes yields an asymmetry that is significantly
less negative than at order α3

s [29]. Reference [30] argues
that this does not affect the inclusive asymmetry in tt̄
production.

XI. SUMMARY

We measure the forward-backward asymmetry in top
quark-antiquark production, defined according to the ra-
pidity difference between the top and antitop quarks. Af-
ter background subtraction, we find a reconstructed tt̄
asymmetry of AFB = (9.2± 3.7)%, to be compared with
the mc@nlo-based prediction of (2.4± 0.7)%. We find

Beware!

− At̄t↗ byO(20%) rela-
tive with EW corrections.

− The NLO corrections to
Af f̄ are not fully known.
⇒ need to wait.

The asymmetries are all larger than expected - lets see what LHC finds.
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The charge asymmetry - LHC analyses

Tevatron vs. LHC

− The LHC is FB-symmetric, and
valence quarks have larger x ,

⇒ forward regions counts most.

The efficiency
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Some analyses details

− The efficiencies are symmetric.
− The transfer matrix calls for un-

folding of the data distributions.
− Good description of the data

by combination of MC models
and data driven estimates.
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Controlling all effects that may be asymmetric is essential.
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The charge asymmetry - LHC results

Unfolded results on At̄t

Lint = 0.7fb−1
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The preliminary results

ATLAS: At̄t(|yt| − |yt̄|) = (−2.4 ± 1.6 ± 2.3)%.
CMS: At̄t(y2

t − y2
t̄

) = (−1.3 ± 2.6 + 2.6
− 2.1)%.

The predictions

0.6% (MC@NLO).
(1.1± 0.1)% (Rodriguez).

The raw Mt̄t dependence
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− In addition, CMS does not find any significant dependence on Mt̄t.

At LHC the asymmetry is found to be independent of Mt̄t, and the SM decribes the data.
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Conclusions and Outlook

− The LHC is a QCD machine and it performs beautifully L = 3.3 1033/cm2/s, Lint = 3.6fb.

However, the ever increasing number of pile-up events is a continuous challenge.

− Statistics is plentiful, and the key to success is reducing the systematics, either

by an even better detector understanding, or by optimizing observables.

− Jet physics is a very rich field with many predictions up to NLO. Here, reducing

the jet energy scale uncertainty is the key to precision.

− The W/Z + jets processes offer some precision NLO QCD tests.

− Also top-quark physics offers many QCD observables and challenges to

theory. Some interesting features of the Tevatron data could not be confirmed.

− As always, the close collaboration and interplay between theorists and

experimentalists pays off in designing the analyses.

− Finally, my apologies to those interested in UE, soft QCD, track jets, b-jets, . . . .

There is lot more to come in the next years, stay tuned.
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Backup - Transparencies
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Inclusive multi-jet production - ATLAS

��
��

Comparison to NLO + Non.-Pert.

− H(2)
T = pt,1 + pt,2 has smallest scale uncertainty and mainly probes PDF and αs.

− Non.-Pert. effects taken from Pythia (LO ME↔ LO ME+PS+UE) are about 5%.
− NLOJet++ prediction shows an overall good description, but for low H(2)

T .

Comparison to LO Monte Carlo

Overall good description by NLO, but for low H(2)
T . LO predictions are further away.
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Di-jet production with jet veto - ATLAS

A)

〈N(pt > Q0)〉 as function of pt The findings for 〈N〉

− Deviations are enhanced
when using 〈N〉.

− Phoweg + Pythia describes
the data well.

− Phoweg + Herwig is far off
especially at large ∆y .

− HEJ has too little activity
especially for large pt/Q0

B)

f(∆y) for Q0 = pt

The findings for f(∆y) f

− Case B) |∆y|max (Mij > pt),
and Q0 = pt not fixed.

− Phoweg describes the data
well with Pythia and Herwig.

− HEJ describes the data at
low ∆y , but has too
many jets for large ∆y .Largest deviations at large pt/Q0 and/or large ∆y .
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The production of a W-Boson + 2-jets - Tevatron

The experimental facts

Looking for WV → µν qq′

�
� ?
�

− Can not describe shoul-
der in Mjj distribution.

− Use additional Gauss to
describe the difference.

Looking for WV → `ν qq′

The CDF result

− Subtract all background.

The D0 result

− Not confirmed by D0, set
limit σ(145 GeV) < 1.9pb
with 95%C.L.
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Figure 3: Left: excess in the mjj distribution above the WV peak, as reported by CDF [2]. The electron and muon decay
channels are added. Right: mjj templates for the WV and top samples individually. The dark lines assume ET,j = 30 GeV
for the jet criteria, the lighter lines 40 GeV. We also show the difference between the two samples for a 40% change of σtop and
a corresponding shift in σWV , as described in the text.

Hard cuts

After observing the mjj anomaly in their WV analysis CDF performed a dedicated analysis of this shape. To focus
on the high-mass regime and to remove backgrounds they change some of the cuts shown in Eq.(4) to

(1) exactly two jets with ET,j > 30 GeV (2) additional dilepton veto . (7)

As we will see later, the veto on three or more jets makes a big difference, both in the extraction of the signal and in the
uncertainties on the background estimates. Unlike for the loose cuts this experimental analysis show a distinct excess
in Fig. 3. The additional requirements affects the relative composition of all channels in the mjj = [28, 200] GeV
window [17]. For example, WV production now contributes 6.4% of all events, compared to 3.4% for the loose cuts.
The top contribution very slightly decreases from 6.0% to 5.8%. For the two mass windows we now find

ΔN[64,96] = 475
ΔσWV

σWV
+ 137

Δσtop

σtop

ΔN[120,170] = 45
ΔσWV

σWV
+ 244

Δσtop

σtop
. (8)

Again, we use σ for the cross section after cuts and efficiencies, i.e. σ × εcuts × εrec. The relative normalization is
fixed by the WV peak region, giving us (ΔσWV )/σWV = −0.29 (Δσtop)/σtop and

ΔN[120,170] = 231
Δσtop

σtop
. (9)

Naively, we see around 230 events in the high mass region mjj = 120−170 GeV. From this number we have to subtract
the number of events which are described by the WV channel, including systematic uncertainties. This leaves us with
around 150 events which can for example be explained by a Gaussian new physics contribution.
However, this number of events changes after a more careful study of the mjj distribution. First, in the mjj =

170−250 GeV range we see a significant tail, consistently 10 to 20 events above the WV expectations. They might be
explained by some kind of continuous background which would also contribute to the mjj = 170− 250 GeV window.
Secondly, under the WV peak of Fig. 3 there are clearly events missing, of the order of 50. Our simple compensation
of the WV and top channels cannot account for them because they are missing in the left side of the peak. Standard
Model channels which rapidly drop towards larger mjj values should help explaining them. This way we would slightly
decrease the number of events missing in the higher mass regime.

Plehn

Takeuchi

arXiv:1104.4008

Possible explanation

− Mis-reconstructed top-quarks
peak at

√
m2

top − m2
W!

− Shift in single top + t̄t back-
ground wrt. WV can solve this.

− CDF sees to many single top
events, but D0 does not!
An inconclusive situation.
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The production of a W-Boson + 2-jets - ATLAS

The invariant mass distribution

− Try to mimic the CDF analysis, but: WW
W +n>2−jets decreases by factor 5, i.e. 3.7

22 →
15.3
440 .

− Jet selection: pt > 30 GeV, |η| < 2.8, |∆η| < 2.5, Mjj > 40 GeV, ∆Φjet,Emiss
T

> 0.4.

− Estimate background for QCD and the W+jets (normalization) from data.

In search for a bump

There is no sign of an excess, the CDF result can not be confirmed.
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The measured mtop from the σt̄t - CMS

The mpole
top mass

Top quark pole mass from cross section
CMS Preliminary, √s=7 TeV, L=1.14 fb-1

value ± theo ⊗ exp ± αs(mz)

167.6 +6.8 +3.3
-6.1 -3.6

170.0 +6.6 +3.7
-5.8 -4.0

170.3 +6.2 +3.8
-5.3 -4.0

Tevatron direct measurement (July 2011)

D0 (L=5.3 fb-1) approx. NNLO ⊗ MSTW08NNLO

Langenfeld et al

Kidonakis et al

Ahrens et al

173.2 +0.9
-0.9

166.7 +5.2
-4.5

167.5 +5.2
-4.7

163 +5.1
-4.6

ATLAS (Prel., L=35 pb-1) approx. NNLO ⊗ MSTW08NNLO

Ahrens et al

Kidonakis et al

Langenfeld et al

162.2 +8
-7.6

166.2 +7.8
-7.4

166.4 +7.8
-7.3

CMS (Prel., L=1.14 fb-1) approx. NNLO ⊗ MSTW08NNLO

Ahrens et al

Kidonakis et al

Langenfeld et al
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The mMS
top mass

Top quark MS mass from cross section

CMS Preliminary, √s=7 TeV, L=1.14 fb-1

value ± theo ⊗  exp ± αs(mz)

159.8
+6.3 +3.6
-6.2 -2.7

163.1
+5.7 +3.7
-4.8 -3.7

D0 (L=5.3 fb-1) approx. NNLO ⊗  MSTW08NNLO

Langenfeld et al

Ahrens et al

160.0
+4.8
-4.3

154.5
+5.0
-4.3

CMS (Prel., L=1.14 fb-1) approx. NNLO ⊗  MSTW08NNLO

Ahrens et al

Langenfeld et al
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Brand new - Write-up not yet available.
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