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Angular Ordering

• This led to ...
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Mueller, PLB104(1981)161

Bassetto, Ciafaloni, Marchesini, Mueller, NPB297(1982)189

LHC Simulations 2 Bryan Webber

Soft limit

Also universal.  But at amplitude level…

soft gluon comes from everywhere in event.

!Quantum interference.

Spoils independent evolution picture?

LHC Simulations 2 Bryan Webber

Angular Ordering

NO:

outside angular ordered cones, soft gluons sum coherently: 

only see colour charge of whole jet.

Soft gluon effects fully incorporated by using     as evolution 

variable: angular ordering

First gluon not necessarily hardest!

Ermolaev, Fadin, JETP Lett33(1981)269
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EARWIG

• Electron Annihilation Reactions 
With Interfering Gluons
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Specific Hadronization Models

! General ideas do not describe hadron formation. Main current models are cluster and string.

22

Preconfinement:
Amati & Veneziano

Cluster model:
WolframAngular

ordering

QCD coherence
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HERWIG
• Hadron Emission Reactions 

With Interfering Gluons

10

Nuclear  Physxcs B310 (1988) 461-526 
North-Holland,  Amsterdam 

M O N T E  CARLO SIMULATION OF GENERAL HARD PROCESSES 
WITH COHERENT QCD RADIATION* 

G MARCHESINI  

Dtparttmento dl Flstca, Unlverslt~ dt Parma, INFN, Gruppo Collegato di Parma, Italy, 

B R WEBBER 

Cavendwh Laborato~, Unwerslt~ of Cambridge, Madmgley Road, CambrMge CB3 0HE, UK 

Received 8 February 1988 

In tins paper we extend our previous work on the simulation of coherent soft-gluon radiation 
to hard colhsions that involve incoming as well as outgoing coloured partons Existing simulations 
correctly sum the leading colllnear singularities for imtml- and final-state radlahon, and in some 
cases the leading infrared contributions from outgoing partons, but  not those for incoming (or the 
interference between incoming and outgoing) Asymptotically, however, the leading infrared and 
colhnear contributions are comparable, the bulk of gluon emission occurring in the soft region 
Furthermore,  a correct treatment of leading infrared terms is necessary for the inclusive cancella- 
tion of singularities in the Sudakov form factor We show how such a treatment may be 
formulated m terms of an angular ordering procedure applicable to all hard processes We then 
describe a new Monte Carlo program winch incorporates this procedure, together with other new 
features such as azimuthal correlations due to gluon polarization and interference The program is 
designed as a general-purpose event generator, simulating hard lepton-lepton, lep ton-hadron  and 
h a d r o n - h a d r o n  scattering in a single package Slmulatmn of soft hadromc colhslons and underly- 
ing events is also included We present the predictions of the program for a wide variety of 
processes, and compare them with analytical results and experimental data 

1. Introduction 

The coherence [1,2] of soft hadronlc radiation in hard processes is one of the 
most characteristic features of perturbative QCD. It emerges from the study [3-5] of 
the leading infrared singularities of the theory which, together with the analysis of 
leading collinear singularities [6], completes the description of the dominant asymp- 
totic behavlour of parton distributions. 

Coherence is intrinsically a quantum phenomenon, arlsmg from the interference 
of soft-gluon amplitudes, which is present even in physical gauges. It involves the 
bulk of the radiation, since a gluon is considered soft whenever its energy ts small 

* Research supported in part by the U K  Science and Engineering Research Council and m part by the 
I tahan Mamstero della Pubbhca Istruzlone 

0550-3213/88/$03 50 © Elsevier Science Publishers B V 
(North-Holland Physics PubhshIng Division) 
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Fig 20 Transverse momentum &stnbut lons  of Dre l l -Yan dxmuons produced in pp colhsaons at ~/s = 
62 GeV Dashed curves show analytical pre&ctlons of ref [48] 

functions of Duke and Owens [49], for ease of comparison with calculations based 
on the same parametnzatlon. 

At high dilepton masses, most of the transverse momentum is generated in the 
branching process. Thus, in W boson production at the CERN ~p Colllder (fig. 21), 
the mean transverse momentum has increased to about 8 GeV/c ,  compared with 
about  2 G e V / c  m fig. 20. The Monte Carlo simulation reproduces this effect quite 
well. The distribution found m the UA1 experiment [50] is somewhat broader than 
the Monte Carlo prediction, but this could be accounted for by resoluuon smearing 
and a small amount of intrinsic Pt- 

In fig. 22 the Monte Carlo results are compared with the analytical calculations of 
Altarelh et al. [29] (for the differential distribution at zero rapidity) and Davies et al. 
[30] (integrated over all raplditles). Dke  the Monte Carlo, both calculations give a 
slightly narrower distribution than the UA1 data. The calculation of Dawes et al. 
gives a sharper peak at low qT than that of Altarelh et al. and the Monte Carlo. As 
discussed in ref. [30], this peak is sensitive to the treatment of the nonperturbatlve 
region and a rehable QCD prediction can really only be made for qT > 6 GeV/c ,  
where there is excellent agreement between the two calculations and the Monte 
Carlo results. 
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Fig 13 Colour structure of "typical" ~p---, W++ X, W +---, t-b event in planar approxamatlon Quarks 
and antaquarks are represented by single hnes, gluons by double hnes Dotted hnes represent colour-smglet 

parncles (W bosons or leptons) 

colour-singlet ud system from the virtual W in the top decay (which has an lnvariant 
mass of 25 G e V / c  2) radiates several gluons, givmg four extra q~ paxrs. The b quark, 
which can radiate into a cone bounded by the virtual W, emits one gluon, which is 
split to ug. Then, the b and b decay, the latter producing a T + lepton that decays to 
~,u(t, and so on. Altogether, there are ten q81 pairs and two lepton pairs coming from 
the W ÷ decay products. 

The next phase of the event is cluster hadronlzatlon. The colour lines displayed in 
fig. 13 connect each outgoing patton to another with which it forms a cluster. Of the 
22 clusters thus formed, 3 have masses above the fission threshold Mf g~ven by eq. 
(81) ( M  c = 5 GeV for this run) and are split in two. (We should remark that this 
event has an unusually large number of massive clusters.) The two beam clusters 
containing the spectators are set aside to make the soft underlying event and the 
remaining 23 are fragmented into hadrons, yielding 49 charged particles, 31 from 
the initial state jets and 18 (plus 1 charged lepton) from the W ÷ decay. 
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CDF 3-Jet Correlation

• Test of QCD coherence

13

LHC Simulations 2 Bryan Webber

Three-jet correlations (CDF)

restriction cone for q’ 

q’ 

s 

restriction cone for q 

Figure 3: 

CDF, PRD50(1994)5562
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• ISAJET & PYTHIA (originally) incoherent

14

LHC Simulations 2 Bryan Webber

Distributions of third-hardest jet in multi-jet events

HERWIG has complete treatment of colour coherence,

PYTHIA+ has partial

CDF 3-Jet Correlation
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HERWIG
• Growth of the program and collaboration
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LUDWIG

• LHC Ultimate Development 
With Interfering Gluons
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LUDWIG

• LHC Ultimate Development 
With Interfering Gluons
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HERWIG++
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HERWIG++

• Pino left 
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Herwig++ physics and manual

Manuel Bähr1, Stefan Gieseke1, Martyn A. Gigg2, David Grellscheid2, Keith Hamilton3, Oluseyi Latunde-Dada4,
Simon Plätzer1, Peter Richardson2,5,a, Michael H. Seymour5,6, Alexander Sherstnev4, Bryan R. Webber4
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Abstract In this paper we describe Herwig++ version 2.2,
a general-purpose Monte Carlo event generator for the sim-
ulation of hard lepton-lepton and hadron-hadron collisions.
A number of important hard scattering processes are avail-
able, together with an interface via the Les Houches Ac-
cord to specialized matrix element generators for addi-
tional processes. The simulation of Beyond the Standard
Model (BSM) physics includes a range of models and allows
new models to be added by encoding the Feynman rules
of the model. The parton-shower approach is used to sim-
ulate initial- and final-state QCD radiation, including colour
coherence effects, with special emphasis on the correct de-
scription of radiation from heavy particles. The underlying
event is simulated using an eikonal multiple parton-parton
scattering model. The formation of hadrons from the quarks
and gluons produced in the parton shower is described using
the cluster hadronization model. Hadron decays are simu-
lated using matrix elements, where possible including spin
correlations and off-shell effects.

PACS 12.38.Cy · 13.87.Ce · 13.87.fh

Contents
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3 Matrix elements . . . . . . . . . . . . . . . . . .

3.1 Matrix elements for specific processes . . .
3.2 Les Houches interface . . . . . . . . . . . .
3.3 Code structure . . . . . . . . . . . . . . . .

4 Perturbative decays and spin correlations . . . . .
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Herwig++ 2.5 Release Note

S. Gieseke1, D. Grellscheid2, K. Hamilton3, A. Papaefstathiou4, S. Plätzer5, P. Richardson2,
C. A. Röhr1, P. Ruzicka6, A. Siódmok1, L. Suter7, D. Winn2
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6Institute of Physics, Academy of Sciences of the Czech Republic.
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Abstract

A new release of the Monte Carlo program Herwig++ (version 2.5) is now available. This
version comes with a number of improvements including: new next-to-leading order matrix
elements, including weak boson pair production; a colour reconnection model; diffractive
processes; additional models of physics beyond the Standard Model; new leading-order
matrix elements for hadron–hadron and lepton–lepton collisions as well as photon-initiated
processes.
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Herwig Collaboration Agreement
agreed version of 25/02/09

Preamble

The present agreement constitutes the first time the Herwig collaboration has tried to define its
own existence in writing, after having existed for about eight years in its present form (and some
15 years before that). It may appear somewhat ‘from one extreme to the other’ to start with such
a detailed document, but having started on this road, we tried to anticipate possible problems
and ambiguities and to spell them out in as much detail as possible. Nevertheless it is clearly a
framework around which the collaboration should work with flexibility and common sense, and
should not be considered an over-prescriptive straitjacket to further development.

Executive Summary

Herwig is developed by a group of authors who take collective responsibility for the code and the
physics simulation it provides. This document sets out the responsibilities of authors and the
benefits they may derive from authorship.

The Herwig collaboration also has members who are not authors. They have fewer obligations,
in particular ongoing obligations on their time. It would normally be expected that someone who
plans to develop a specific small feature or enhancement and contribute it either to the main
code or to the directory of separate code that is distributed together with Herwig, would become
a member as soon as their plan becomes clear. This document also sets out the responsibility
of members, the benefits they may derive from membership, and the circumstances under which
they may become authors.

1 Purpose

The principle purposes of this agreement are:

1.1 To ensure that Herwig is maintained and supported in a professional manner.

1.2 To ensure that the external community, including but not restricted to users, give due
respect to the program and its physics basis, and to the collaboration.

1.3 To ensure that credit for the program goes to those who contribute significantly to it and
does not get diluted by those who do not.

1.4 To ensure that the collaboration is not over-reliant on the availability of any given member
at any particular moment.

1.5 To ensure that all members of the collaboration have time to pursue non-Herwig-related
physics interests and research projects.

In addition, by defining two levels of membership (member and author) and constituting Herwig

Notes, we hope:

1.6 To provide a framework to encourage and reward non-authors for making contributions
that are significant and important, but are not at a sufficient level to justify becoming full
authors and taking on the corresponding responsibilities and obligations.

1

2 Membership

We define three (cummulative) levels of membership of the collaboration:

2.1 member

2.1.1 A member has the right to attend the weekly phone meetings, to access the develop-
ment wiki, be listed in the herwig-dev mailing list and, upon request, have submission
rights to an svn branch.

2.1.2 A member can request that the write-up of a piece of work be accepted as a Herwig

Note, that code they have written be released as part of Herwig, or to give talks on
behalf of the collaboration. The request will be granted if approved by the majority
of the authorship.

2.1.3 Anyone may request to become a member, and will be accepted if the majority of the
authorship believes that there is a reasonable expectation that they will contribute to
the program, its physics basis, or in some other way benefit the collaboration, except:

2.1.4 Membership may be vetoed by majority vote of the authorship, for example if the
proposed member is already a member of another event generator collaboration or
similar and the majority of the authorship felt that their could be a conflict of interest,
or they have previously written papers or given public presentations espousing an
approach that the majority of the authorship does not consider compatible with that
of Herwig.

2.1.5 Membership automatically lapses after three months of not attending the weekly phone
meeting or making other useful input. It can be terminated earlier by majority vote
of the authorship.

2.2 author

2.2.1 An author has the right to sign release notes and the latest version of the Physics
and Manual, to accept invitations to give talks on behalf of the collaboration, to
participate in collaboration decisions and planning, and to make check-ins to the svn

trunk (under the conditions detailed below).

2.2.2 A member can become an author if:

2.2.2.1 They have delivered a significant piece of new development work towards Herwig,
adding a new feature or significantly enhancing an existing one, considered by the
majority of the senior authors to be equivalent to around six months of full-time
work. Anticipated authorship is possible if a significant part of this development
has been completed with the corresponding code ready for release and it is clear
that the total investment will eventually reach six months. Accumulation of sev-
eral smaller pieces of work totalling six months’ worth may also be considered
equivalent, but is not required to be.

2.2.2.2 The corresponding code has been checked by an existing author (in the case of
student members this should be someone other than the supervisor) and both the
code and the methodology by which it was tested are judged to be of sufficient
quality.

2.2.2.3 The majority of senior authors accept them.

2

+ 6 more pages ...
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HERWIG++
• The project is left in good hands:
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QCD Coherence
and the

Top Quark Asymmetry
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Top Production at Tevatron
• pp at 1.96 TeV

• CDF & D0

• ~9 fb-1/expt

•      ~8 pb

24
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~70,000 tt
t → Wb
W → eνe, µνµ → l + E

(W → τντ )

W → ud̄, cs̄ → jj

tt̄ → bb̄ll̄ + E (5%), tt̄ → bb̄ljj + E (30%)
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Top Production at LHC
• pp at 7 TeV

• ATLAS & CMS

• ~6 fb-1/expt

•      ~160 pb

• Expect ~15 fb-1 

this run (2012)

25

σtt̄

~106 tt

But dominated by gg rather than qq collisions
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Parton distributions

• uu   tt dominates at Tevatron,  gg   tt at LHC

26
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Standard Model prediction
• Only qq asymmetric

• NLO effect ~5% at 
parton level

• t prefers q direction

27
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3 order.
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Interference of ISR with FSR:

Interference of box with tree:
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yt > yt̄Expect

∆y = yt − yt̄ Att̄ =
N(∆y > 0)−N(∆y < 0)

N(∆y > 0) +N(∆y < 0)
> 0

Att̄ < 0 if extra jet or high ptt̄T

Att̄ > 0 dominant (low ptt̄T )
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Att̄ =
N(∆y > 0)−N(∆y < 0)

N(∆y > 0) +N(∆y < 0)

∆y = yt − yt̄ , Ytt̄ =
1

2
(yt + yt̄)

• CDF report a large effect, increasing with tt invariant mass

• SM predicts a smaller NLO effect

• MC@NLO, MCFM and POWHEG in good agreement 

• CDF claim PNLO=0.0065

CDF Note 10807
CDF Results
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CDF data: low vs high mass

• No significant asymmetry below Mtt = 450 GeV

29

mass dependence 

         Mtt < 450 GeV/c2                                    Mtt > 450 GeV/c2 

15 

mass dependence 

         Mtt < 450 GeV/c2                                    Mtt > 450 GeV/c2 

15 
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Dilepton decay mode

• Consistent with lepton  jets mode

• Results from 8.7 fb-1 coming soon

30

lepton rapidity difference in dilepton top signal   

18 
KS = 0.8% 

top rapidity difference in dilepton sample   

20 

KS = 1.4%   

+
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D0 Results

• Disagreement with SM = 3.4 s.d.

• CDF Mtt dependence not confirmed (?)
31
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FIG. 2. The discriminant for events with (a) ∆y < 0 and (b)
∆y > 0.

y!                                                                                                  
-3 -2 -1 0 1 2 3

Ev
en

ts

50

100

150

200

250 tt
+jetsW

Multijet
Data

-1DØ, 5.4 fb

FIG. 3. The reconstructed ∆y. Bin widths correspond to
about half of the detector resolution in ∆y.

range of each bin, with the disadvantage that the migra-
tion across the ∆y = 0 boundary is under-estimated for
events near ∆y = 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 ∆y 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. ∆y-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 ∆y 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.
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FIG. 4. The reconstructed charge-signed lepton rapidity.

Lepton reconstruction offers excellent angular resolu-
tion and accurate determination of electric charge, mak-
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range of each bin, with the disadvantage that the migra-
tion across the ∆y = 0 boundary is under-estimated for
events near ∆y = 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 ∆y 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. ∆y-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 ∆y 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.
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Bin width is 1/2 resolution

l+≥4 jets l+4 jets l+≥5 jets
AFB(%) 9.2±3.7 12.2±4.3 -3.0±7.9

mc@nlo AFB (%) 2.4±0.7 3.9±0.8 -2.9±1.1

Measured AFB =

�
9.2± 3.6(stat)+0.8

−0.9(syst)

�
%

Statistical significance from MC@NLO prediction: 1.9 SD
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Lepton-based asymmetry
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Al
FB = N(qlyl>0)−N(qlyl<0)

N(qlyl>0)+N(qlyl<0)

Simple observable

Same technique as measurement of reconstructed AFB

To avoid large acceptance corrections: require |yl| < 1.5

1532 events

l+≥4 jets l+4 jets l+≥5 jets
Al

FB (%) 14.2± 3.8 15.9± 4.3 7.0± 8.0

mc@nlo Al
FB (%) 0.8± 0.6 2.1± 0.6 -3.8± 1.2
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tt  AFB at Tevatron

32

• CDF/D0 disagreement?

Comparison of Two-Bin Parton Level AFB to 

Previous Results 

Moriond 2012 D. Mietlicki 17 

!! Previous version of CDF analysis only provided parton-level 
results for two bins of Mtt and Δy 

!! Table compares the new result in the same two bins to the 
previous results (all numbers are percentages) 

Selection NLO (QCD+EW) CDF, 5.3 fb-1 D0, 5.4 fb-1 CDF, 8.7 fb-1 

Inclusive 6.6 15.8 ± 7.4 19.6 ± 6.5 16.2 ± 4.7 

Mtt < 450 GeV/c2 4.7 －11.6 ± 15.3 
7.8 ± 4.8 

(Bkg. Subtracted) 
7.8 ± 5.4 

Mtt ! 450 GeV/c2 10.0 47.5 ± 11.2 
11.5 ± 6.0 

(Bkg. Subtracted) 
29.6 ± 6.7 

|Δy| < 1.0 4.3 2.6 ± 11.8 
6.1 ± 4.1 

(Bkg. Subtracted) 
8.8 ± 4.7 

|Δy| ! 1.0 13.9 61.1 ± 25.6 
21.3 ± 9.7 

(Bkg. Subtracted) 
43.3 ± 10.9 

D. Mietlicki, Moriond, 2012
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tt  inv. mass at Tevatron
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• CDF/D0 in agreement with SM

4

leptonically (t→ lνb) and the other hadronically (t→ qq̄
�
b) [17]. We detect the lepton and four jets from top quark

decays and quark hadronization, and an inferred neutrino based on the presence of missing energy. The detector
is triggered by a high transverse momentum lepton (electron or muon) in the central portion of the detector, or
by �ET > 35 GeV if the event contains at least two energetic jets. This latter dataset makes up the “loose muon”
sample, which is a new addition compared to the previous version of this analysis. We require that all candidate
events contain exactly one electron or muon with ET (pT ) > 20 GeV(GeV/c), as well as four or more hadronic jets
with ET > 20 GeV and |η| < 2.0. Jets are reconstructed using a cone algorithm with δR =

�
δφ2 + δη2 < 0.4,

and calorimeter signals are corrected for detector inefficiencies with a jet energy scale factor. We require missing
transverse energy, �ET > 20 GeV, consistent with the presence of an undetected neutrino. We finally require that
HT , the scalar sum of the transverse energy of all objects (lepton, jets, �ET ) be HT > 220 GeV, which leaves 97%
of the signal but reduces the backgrounds by 17%. The SECVTX algorithm [18] is used to find displaced b-decay
vertices using the tracks within the jet cones, and at least one jet must contain such a “b-tag”. Jets with b-tags
are restricted to |η| < 1.0.
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FIG. 1: Reconstructed mass of the tt̄ system compared to the prediction of our background plus powheg model.

The sample passing this selection contains 2498 candidate events. The estimated non-tt̄ background in our sample
is 505±123 events. The predominant backgrounds are from QCD-induced W+multi-parton events containing either
b-tagged heavy-flavor jets or errantly tagged light-flavor jets. These are modeled with the alpgen generator [19]
scaled by tagging efficiencies, mis-tagging rates, and sample normalizations from direct measurements. QCD
multi-jet events with fake leptons and mis-measured �ET are modeled using multi-jet events with lepton candidates
that are rejected by our cuts. Small backgrounds from electroweak processes (WW,WZ, single-top) are reliably
estimated using Monte Carlo generators. The contributions from these various background sources are summarized
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multi-jet events with fake leptons and mis-measured �ET are modeled using multi-jet events with lepton candidates
that are rejected by our cuts. Small backgrounds from electroweak processes (WW,WZ, single-top) are reliably
estimated using Monte Carlo generators. The contributions from these various background sources are summarized
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FIG. 2: Expected and observed tt invariant mass distribution for the combined � + 3jets, and � + 4 or more jets channels, with
at least one identified b-jet. The error bars for the data drawn on top of the SM background indicate the statistical uncertainty.
Superimposed as white area is the theory signal for a top-color-assisted technicolor Z� boson with MZ� = 650 GeV. The number
of data, signal and expected background events from each source are indicated in Table I.

yields for the data and background sources are indicated in Table I. Invariant mass distributions are computed for
events with exactly one b-tag and for events with more than one b-tag. Additionally, the distributions are separated
into 3 jet and 4 or more jet samples, as well as Run IIa and Run IIb data ranges. The measured invariant mass
distributions and corresponding background estimations are shown in Fig. 2 for the 3 and ≥ 4 jet samples for Run
IIa and Run IIb samples combined.

Finding no significant deviation from the standard model expectation, a Bayesian approach is applied to calculate
95% C.L. upper limits on σX · B(X → tt) for hypothesized values of MX between 350 and 1000GeV. A Poisson
distribution is assumed for the number of observed events in each bin, and flat prior probabilities are taken for the
signal cross-section times branching fraction. The prior for the combined signal acceptance and background yields is
a multivariate Gaussian with uncertainties and correlations described by a covariance matrix [32].

The expected and observed 95% C.L. upper limits on σX · B(X → tt) as a function of MX , after combining the 1
and 2 b-tag samples and the 3 and ≥4 jet samples, are summarized in Table II and displayed in Fig. 3. Figure 3 also
shows the theoretical prediction [5] for the topcolor Z � resonance production. The 95% C.L. lower Z � mass limit is
derived by intersecting the theory prediction with the expected (observed) 95% C.L. lower limit on σX · B(X → tt̄).
The expected limit for the Z � boson is 870 GeV. The full Run II dataset used in this analysis excludes a Z � boson
with masses MZ� < 820GeV. The limits for the Run IIa (Run IIb) subsamples individually are 685 (820) GeV.

Figure 4 shows the measured σX · B(X → tt̄) values as a function of MX , together wtih the expected exclusion
region. The small excess of events around MX ≈ 650 GeV seen in Fig. 2 gives rise to an observed resonance cross
section of less than 2σ significance.

The limits for pure vector or pure axial vector couplings of the Z’ to top quark pairs were compared for part of
the Run IIb data set (1.2 fb−1). No difference was observed, therefore we conclude that our limit is valid for narrow
resonances of any arbitrary vector and axial vector couplings.
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Superimposed as white area is the theory signal for a top-color-assisted technicolor Z� boson with MZ� = 650 GeV. The number
of data, signal and expected background events from each source are indicated in Table I.

yields for the data and background sources are indicated in Table I. Invariant mass distributions are computed for
events with exactly one b-tag and for events with more than one b-tag. Additionally, the distributions are separated
into 3 jet and 4 or more jet samples, as well as Run IIa and Run IIb data ranges. The measured invariant mass
distributions and corresponding background estimations are shown in Fig. 2 for the 3 and ≥ 4 jet samples for Run
IIa and Run IIb samples combined.

Finding no significant deviation from the standard model expectation, a Bayesian approach is applied to calculate
95% C.L. upper limits on σX · B(X → tt) for hypothesized values of MX between 350 and 1000GeV. A Poisson
distribution is assumed for the number of observed events in each bin, and flat prior probabilities are taken for the
signal cross-section times branching fraction. The prior for the combined signal acceptance and background yields is
a multivariate Gaussian with uncertainties and correlations described by a covariance matrix [32].

The expected and observed 95% C.L. upper limits on σX · B(X → tt) as a function of MX , after combining the 1
and 2 b-tag samples and the 3 and ≥4 jet samples, are summarized in Table II and displayed in Fig. 3. Figure 3 also
shows the theoretical prediction [5] for the topcolor Z � resonance production. The 95% C.L. lower Z � mass limit is
derived by intersecting the theory prediction with the expected (observed) 95% C.L. lower limit on σX · B(X → tt̄).
The expected limit for the Z � boson is 870 GeV. The full Run II dataset used in this analysis excludes a Z � boson
with masses MZ� < 820GeV. The limits for the Run IIa (Run IIb) subsamples individually are 685 (820) GeV.

Figure 4 shows the measured σX · B(X → tt̄) values as a function of MX , together wtih the expected exclusion
region. The small excess of events around MX ≈ 650 GeV seen in Fig. 2 gives rise to an observed resonance cross
section of less than 2σ significance.

The limits for pure vector or pure axial vector couplings of the Z’ to top quark pairs were compared for part of
the Run IIb data set (1.2 fb−1). No difference was observed, therefore we conclude that our limit is valid for narrow
resonances of any arbitrary vector and axial vector couplings.

POWHEG POWHEG
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tt  pT at Tevatron
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• CDF/D0 disagreement
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µ = mt theoretical distribution are normalized in such a way that their integrals equal to one.

jet, the total transverse energy in the event H⊥ and the transverse momentum of the tt̄ pair. All

these distributions receive non-uniform enhancements from jet radiation in top quark decays. In

particular, H⊥ and p⊥(5th jet) distributions are strongly enhanced at low values of H⊥ and p⊥,

where relatively soft radiation in top quark decays dominates. Also, the rapidity distribution of

the 5th hardest jet receives strong enhancement at central rapidities which is a consequence of the

fact that top quark decay products are produced mostly at small rapidities. We note that similar

shape changes were recently observed in the context of studying pp̄ → tt̄j within the parton shower

approximation in Ref. [27]. Note, however, that the cross-section computed in Ref. [27] seems

closer to the contribution that we identify as “jet radiation in production”. While – as we just saw

– such a result underestimates the cross-section, it is probably consistent with the fact that decays

in Ref. [27] are treated in the parton shower approximation which by construction conserves the

overall probability and does not change normalization.

We also consider the distribution in the transverse momentum of the tt̄ pair in Fig. 4. This

kinematic distribution is particularly interesting because recent results by the D0 collaboration [44]

show a disagreement between predictions of MC@NLO [45] and data at low transverse momenta.

Since we deal with top quark decay products rather than with stable top quarks, we need to define

what is meant by the tt̄ transverse momentum. To this end, we imagine that the reconstruction

proceeds by finding two non-b jets whose invariant mass is closest to MW and then combining

the transverse momenta of these two jets, two b-jets, the lepton transverse momentum and the

missing transverse momentum, to obtain the transverse momentum of the tt̄ pair. We find that

the transverse momentum distribution of the tt̄ pair is affected by the radiation in the decay
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dependence of asymmetry

• CDF data disagree with POWHEG

• Asymmetry should change sign at ~20 GeV

• Loss at high pT would enhance asymmetry

35

pttT •! examine at background subtracted level     

•! data  vs powheg/pythia shower vs pythia neat 

25 

pt (ttbar) dependence of the asymmetry 
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AFB in Monte Carlos

• Leading-order Monte Carlo  = 
Born process + parton showers

• Born process has no asymmetry

• Hence MC has no asymmetry?

36

Peter Skands, Jan Winter, BW, arXiv:0512:1466
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Wrong!

• MCs with coherent showering do!
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What’s going on?

• QCD coherence!

• Backward top       more radiation

• More radiation       bigger recoils
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AFB vs pT(tt)
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Inclusive AFB vs m(tt)
• Less radiation from forward tops

• Sudakov factor is larger:       >

• Migration from F to B is smaller:  P+-< P-+

40

At the most inclusive level, this is reflected in the fact that the total integrated tt̄ cross

section is the same before and after showering.

However, the asymmetry is defined in terms of two separate cross sections, one com-

puted for ∆y > 0 and the other for ∆y < 0. If the shower kinematics allow any migration

between these two regions, then unitarity no longer guarantees complete cancellation in

each of the regions separately, leading to the possible generation of a net inclusive asym-

metry. Formally, we can write the cross section difference that generates the integrated

asymmetry as

∆σ+− =

�
dσLO

�
∆y>0

�
∆+ + (1−∆+)(P++ − P+−)

�

−
�

dσLO
�
∆y<0

�
∆− + (1−∆−)(P−− − P−+)

�
, (3.1)

where the first line represents events that start (at the matrix-element level, before show-

ering) with a positive value of ∆y and the second line represents events that start with

a negative one. The terms in parenthesis represent the action of the parton shower. The

probability for no branchings to occur is represented by the Sudakov factor, ∆, with sub-

script ± reflecting that the probability to radiate can be different between an event with

positive ∆y and one with negative ∆y. Indeed, as shown in the preceding section, events

with positive ∆y have less phase space for emission and so are less likely to radiate. There-

fore, in general, we have

∆+ > ∆− . (3.2)

This, however, is not by itself enough to generate an inclusive asymmetry. The second

terms in the square brackets in Eq. (3.1) represent those events that do experience one

or more branchings. For these events, the final top momenta, and hence possibly their

final rapidity difference, will depend on whether and how the top momenta are modified

by the branchings. In the present context, we do not care about the details of how this

occurs, merely about whether it is at all possible for an event with positive ∆y at the Born

level to migrate to negative ∆y after showering, and vice versa. This is represented by

the probabilities P+− and P−+ in Eq. (3.1). If the shower model preserves the rapidity

ordering of the tops, then

P++ = P−− = 1 and P+− = P−+ = 0 , (3.3)

and so the integrated asymmetry remains zero, despite the two Sudakov factors being

different. If, on the other hand, the shower model sometimes changes the relative rapidity

ordering of the tops, for instance as a consequence of longitudinal recoil effects (as will

be studied in more detail in the next section), then a total inclusive asymmetry can be

generated. In the context of unitarity, this can be interpreted as due to the fact that

unitarity involves an integral over the entire phase space, and hence the exact cancellation

that occurs in the total inclusive cross section is here broken by the splitting-up of the real-

radiation phase space into two regions that enter with different signs in the asymmetry.

From unitarity of the shower, we have

P++ = 1− P+− and P−− = 1− P−+ , (3.4)

– 9 –

+ _

so that Eq. (3.1) can be written as

∆σ+− = − 2

�
dσLO

�
∆y>0

(1−∆+)P+− + 2

�
dσLO

�
∆y<0

(1−∆−)P−+ , (3.5)

where we have used �
dσLO

�
∆y>0

=

�
dσLO

�
∆y<0

. (3.6)

Because 1 > ∆+ > ∆−, we expect the second term on the right-hand side of Eq. (3.5) to

dominate, giving a positive inclusive asymmetry, unless there is a compensating excess of

P+− over P−+. However, on rather general grounds one would not expect such an excess,

because there is less radiation when ∆y > 0 and hence a smaller probability of recoil effects

changing the sign of ∆y. Indeed we shall see below that the treatment of recoils in shower

generators normally leads to P−+ > P+−, enhancing the positive inclusive asymmetry due

to the unequal Sudakov factors.

Considering Eq. (3.5) from the viewpoint of perturbation theory, we observe that the

factors of (1 − ∆±) in the integrands are O(α1
S
), while P±∓ are O(α0

S
), being the con-

ditional probabilities that gluon emission will switch the sign of ∆y, given that at least

one emission has occurred. Thus the recoil effect in showering generates an approximate

inclusive asymmetry that starts at O(αS), like the full perturbative calculation. The fac-

tors of (1 −∆±) provide information about the virtual contribution and the probabilities

P±∓ specify what fraction remains after real-virtual cancellation. Since these probabilities

depend on the strategy for treating recoils in the shower, getting the best agreement with

the full asymmetry at O(αS) could be a good way to optimize this strategy.

4. Comparison between parton-shower models

In this section, we study the asymmetries produced by the following general-purpose event

generators: 4 HERWIG++ [25] (using angular-ordered parton showers [26]), PYTHIA 6 [27]

(using both its Q2- and p⊥-ordered parton-shower models [28,29], represented by tunes D6T

and Perugia 0, respectively), PYTHIA 8 [30] (using p⊥-ordered parton showers [31]), and

SHERPA [32] (using p⊥-ordered dipole showers [33]). Of these, HERWIG++ and SHERPA have

QCD coherence built in and PYTHIA 6 has options with varying amounts of coherence, while

the first ISR (initial-state radiation) emission is not subjected to coherence constraints in

this version of PYTHIA 8. For both PYTHIA 6 and SHERPA, we include some additional

illustrations of specific shower model variations.

A custom-made RIVET [34] analysis was used to process the events of all generators,

ensuring uniformity of the analysis. Between 1 and 4 million events (at least) were gen-

erated for each model. All the generators include the leading-order qq̄ → tt̄ and gg → tt̄

production processes, which are showered with default settings,5 unless otherwise specified.

4Specifically, we use HERWIG++ 2.5.2, PYTHIA 6.426, PYTHIA 8.162, and SHERPA 1.4.0.
5The choice of PDF set only gives small effects (� 10%) on the asymmetry, mostly via the relative

fraction of gluon- vs. quark-initiated tt̄ production. For completeness, HERWIG++ uses the MRSTMCal

PDF set (i.e. the LO fit from the MRST2002 family) [35], PYTHIA 6 with Perugia 0 uses CTEQ5L [36], and

PYTHIA 6 with D6T, PYTHIA 8, and SHERPA all use CTEQ6L1 PDFs [22]. There is also a slight dependence

on the choice of renormalization scale, see Section 4.2.1.

– 10 –
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Inclusive AFB vs m(tt)

• QCD loop effect reproduced 
(approximately) by Sudakov 
factors in coherent showering
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• LHC is a pp collider        no effect?? 

• No! Effect should increase with Ytt  (q vs q)

• SM effect is small (plots show MC truth for 2 fb-1) 

42

∆y = yt − yt̄ , Ytt̄ =
1

2
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• LHC is a pp collider        no effect?? 

• No! Effect should increase with Ytt  (q vs q)

• Rapidity correlation should be as shown below 

• Top rapidity distribution should be wider

43

Att̄ =
N(∆y > 0)−N(∆y < 0)

N(∆y > 0) +N(∆y < 0)

yt

yt̄ + +

∆y = yt − yt̄ , Ytt̄ =
1

2
(yt + yt̄)

Top quark asymmetry at LHC

AC =
N(∆|y| > 0)−N(∆|y| < 0)

N(∆|y| > 0) +N(∆|y| < 0)

∆|y| ≡ |yt|− |yt̄| > 0 ∆y · Ytt̄ > 0
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tt  AC at LHC

44

• Much smaller than AFB

• Good SM agreement (so far)
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Abstract A measurement of the top-antitop produc-
tion charge asymmetry AC is presented using data cor-
responding to an integrated luminosity of 1.04 fb−1 of
pp collisions at

√
s = 7 TeV collected by the ATLAS

detector at the LHC. Events are selected with a single
lepton (electron or muon), missing transverse momen-
tum and at least four jets of which at least one jet is
identified as coming from a b-quark. A kinematic fit is
used to reconstruct the tt̄ event topology. After back-
ground subtraction, a Bayesian unfolding procedure is
performed to correct for acceptance and detector ef-
fects. The measured value of AC is AC = −0.018 ±
0.028 (stat.) ± 0.023 (syst.), consistent with the pre-
diction from the MC@NLO Monte Carlo generator of
AC = 0.006±0.002.Measurements of AC in two ranges
of invariant mass of the top-antitop pair is also shown.
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1 Introduction

The top quark is the heaviest elementary particle so far
observed. With a mass close to the electroweak scale it
may play a special role in physics beyond the Standard
Model (SM). Its pair production at hadron colliders al-
lows a test of quantum chromodynamics (QCD) at high
energies.

This paper describes the measurement of the charge
asymmetry AC , defined as [1, 2]:

AC =
N(∆|y| > 0)−N(∆|y| < 0)

N(∆|y| > 0) +N(∆|y| < 0)
, (1)

where∆|y| ≡ |yt|−|yt̄| is the difference between the ab-
solute values of the top and antitop rapidities (|yt| and
ae-mail: atlas.publications@cern.ch

|yt̄|) and N is the number of events with ∆|y| positive
or negative.

Although tt̄ production at hadron colliders is pre-
dicted to be symmetric under the exchange of t and t̄ at
leading order, at next-to-leading order (NLO) the pro-
cess qq̄ → tt̄g exhibits an asymmetry in the differential
distributions of the top and antitop, due to interfer-
ence between initial and final state gluon emission. The
qq̄ → tt̄ process also possesses an asymmetry due to
the interference between the Born and box diagrams.
Similarly, the qg → tt̄q process is asymmetric due to
interference between amplitudes which have a relative
sign difference under the exchange of t and t̄. The pro-
duction of tt̄ pairs by gluon-gluon fusion, gg → tt̄, on
the other hand, is symmetric.

In pp̄ collisions at the Tevatron, where top pairs are
predominantly produced by quark-antiquark annihila-
tion, perturbative QCD predicts that the top quark will
be preferentially emitted in the direction of the incom-
ing quark and the antitop in the direction of the in-
coming antiquark [3]. Consequently, the charge asym-
metry is measured as a forward-backward asymmetry,
AFB. Recent measurements of AFB by the CDF and
D0 Collaborations [4–7] show a 2-3σ excess over the
SM expectations enhancing interest in scrutinising the
tt̄ asymmetry. For tt̄ invariant mass, mtt̄, greater than
450GeV, the CDF experiment measures an asymme-
try in the tt̄ rest frame which is 3.4σ above the SM
prediction [6]. Several new physics models have been
proposed to explain the excess observed at CDF and
D0 [1, 8–17]. Different models predict different asym-
metries as a function of mtt̄ [18].

In pp collisions at the LHC, the dominant mech-
anism for tt̄ production is expected to be the gluon-
gluon fusion process, while tt̄ production via qq̄ or qg is
small. Since the initial state is symmetric, the forward-
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1 Introduction

The top quark is the heaviest elementary particle so far
observed. With a mass close to the electroweak scale it
may play a special role in physics beyond the Standard
Model (SM). Its pair production at hadron colliders al-
lows a test of quantum chromodynamics (QCD) at high
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This paper describes the measurement of the charge
asymmetry AC , defined as [1, 2]:

AC =
N(∆|y| > 0)−N(∆|y| < 0)
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where∆|y| ≡ |yt|−|yt̄| is the difference between the ab-
solute values of the top and antitop rapidities (|yt| and
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|yt̄|) and N is the number of events with ∆|y| positive
or negative.

Although tt̄ production at hadron colliders is pre-
dicted to be symmetric under the exchange of t and t̄ at
leading order, at next-to-leading order (NLO) the pro-
cess qq̄ → tt̄g exhibits an asymmetry in the differential
distributions of the top and antitop, due to interfer-
ence between initial and final state gluon emission. The
qq̄ → tt̄ process also possesses an asymmetry due to
the interference between the Born and box diagrams.
Similarly, the qg → tt̄q process is asymmetric due to
interference between amplitudes which have a relative
sign difference under the exchange of t and t̄. The pro-
duction of tt̄ pairs by gluon-gluon fusion, gg → tt̄, on
the other hand, is symmetric.

In pp̄ collisions at the Tevatron, where top pairs are
predominantly produced by quark-antiquark annihila-
tion, perturbative QCD predicts that the top quark will
be preferentially emitted in the direction of the incom-
ing quark and the antitop in the direction of the in-
coming antiquark [3]. Consequently, the charge asym-
metry is measured as a forward-backward asymmetry,
AFB. Recent measurements of AFB by the CDF and
D0 Collaborations [4–7] show a 2-3σ excess over the
SM expectations enhancing interest in scrutinising the
tt̄ asymmetry. For tt̄ invariant mass, mtt̄, greater than
450GeV, the CDF experiment measures an asymme-
try in the tt̄ rest frame which is 3.4σ above the SM
prediction [6]. Several new physics models have been
proposed to explain the excess observed at CDF and
D0 [1, 8–17]. Different models predict different asym-
metries as a function of mtt̄ [18].

In pp collisions at the LHC, the dominant mech-
anism for tt̄ production is expected to be the gluon-
gluon fusion process, while tt̄ production via qq̄ or qg is
small. Since the initial state is symmetric, the forward-
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Fig. 4 The unfolded ∆|y| distribution for the electron channel (left) and the muon channel (right) after b-tagging, compared
to the prediction from MC@NLO. The uncertainties on the measurement include both statistical and systematic contributions.
The error bands on the MC@NLO prediction include uncertainties from parton distribution functions and renormalisation and
factorisation scales.

Asymmetry reconstructed detector and acceptance unfolded

AC (electron) -0.034 ± 0.019 (stat.) ± 0.010 (syst.) -0.047 ± 0.045 (stat.) ± 0.028 (syst.)

AC (muon) -0.010 ± 0.015 (stat.) ± 0.008 (syst.) -0.002 ± 0.036 (stat.) ± 0.023 (syst.)

Combined -0.018 ± 0.028 (stat.) ± 0.023 (syst.)

Table 3 The measured inclusive charge asymmetry values for the electron and muon channels after background substraction,
before and after unfolding.
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Fig. 5 Unfolded asymmetries in two regions of mtt̄ compared to the prediction from MC@NLO. The error bands on the
MC@NLO prediction include uncertainties from parton distribution functions and renormalisation and factorisation scales.

considering masses between 100 GeV and 10 TeV and
the range of couplings for which the new physics con-
tribution to the tt̄ cross section at the Tevatron lies in
the interval [-0.8,1.7] pb. This is a conservative require-
ment which takes into account the different predictions

for the SM cross section as well as the experimental
measurement (see Ref. [17] for details).

In addition, a conservative upper limit on new physics
contributions to σtt̄ for mtt̄ > 1 TeV is imposed. Fur-
ther details can be found in Refs [17,55]. The coloured
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Figure 3: Unfolded inclusive ∆|y| distribution (upper left), corrected asymmetry as a function
of |ytt̄| (upper right), pT,tt̄ (lower left), and mtt̄ (lower right). The measured values are compared
to NLO calculations for the SM [15] and to predictions of an effective field theory (EFT) [17].
The error bars on the differential asymmetry values indicate the statistical and systematic un-
certainties.

7 Conclusion
An inclusive and three differential measurements of the charge asymmetry in tt production
using data corresponding to an integrated luminosity of 4.7 fb−1 have been reported. Events
with top-quark pairs decaying in the lepton+jets channel were selected and a full tt event re-
construction was performed to determine the four-momenta of the top quarks and antiquarks.
The measured distributions of the sensitive observable were then corrected for acceptance and
reconstruction effects. The measured value for the inclusive asymmetry as well as the mea-
sured asymmetry as a function of three differentiating variables, the rapidity, the transverse
momentum, and the invariant mass of the tt̄ pair is in agreement with the predictions and no
hints for contributions from physics beyond the standard model have been found.
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• Good agreement with MC@NLO

7

 [GeV]ttm
0 200 400 600 800 1000 1200 1400

Ev
en

ts
 / 

60
 G

eV

0

200

400

600

800

1000

1200

1400

1600

1800

2000

data
tt

W+jets
Z+jets
Diboson
Single top
Multijets
Uncertainty

ATLAS 
-1 L dt = 1.04 fb!

 1 b tag)" 4 jets (" + e

(a)

 [GeV]ttm
0 200 400 600 800 1000 1200 1400

Ev
en

ts
 / 

60
 G

eV

0

500

1000

1500

2000

2500

3000 data
tt

W+jets
Z+jets
Diboson
Single top
Multijets
Uncertainty

ATLAS 
-1 L dt = 1.04 fb!

 1 b tag)" 4 jets (" + µ

(b)

) [GeV]t(t
T

p
0 50 100 150 200 250 300 350

Ev
en

ts
 / 

10
 G

eV

0

200

400

600

800

1000

1200
data
tt

W+jets
Z+jets
Diboson
Single top
Multijets
Uncertainty

ATLAS 
-1 L dt = 1.04 fb!

 1 b tag)" 4 jets (" + e

(c)

) [GeV]t(t
T

p
0 50 100 150 200 250 300 350

Ev
en

ts
 / 

10
 G

eV

0

200

400

600

800

1000

1200

1400

1600

1800

2000

data
tt

W+jets
Z+jets
Diboson
Single top
Multijets
Uncertainty

ATLAS 
-1 L dt = 1.04 fb!

 1 b tag)" 4 jets (" + µ

(d)

Fig. 1 Expected and observed distributions for the invariant mass (plots (a) and (b)) and transverse momentum (plots (c)
and (d)) of the reconstructed tt̄ system. The left hand panels show distributions in the electron channel, while the right
hand panels show distributions in the muon channel. The data are compared to the sum of the tt̄ signal contribution and
backgrounds. The background contributions from W+jets and multijet production have been estimated from data, while the
other backgrounds are estimated from simulation. The uncertainty on the combined signal and background estimate includes
systematic contributions. Overflows are shown in the highest bin of each histogram.

distribution ∆|y| as a function of the reconstructed top-
antitop invariant mass mtt̄ (a two-dimensional unfold-
ing problem).

Two bins are used for mtt̄ in the two-dimensional
unfolding of∆|y| versusmtt̄, separated atmtt̄ = 450 GeV.
The choice of this mtt̄ value is motivated by the ob-
served CDF forward-backward asymmetry [6] and by
separating the data sample into two bins with roughly
equal number of events.

An additional cut on the value of the likelihood for
the tt̄ candidate is required in the two-dimensional un-
folding, since a large fraction of simulated events with
a badly reconstructed mtt̄ are found to have a low like-
lihood value.

The response matrix (including both detector and
acceptance effects) for the inclusive AC measurement
is shown in Fig. 2. Six bins in ∆|y| are used in the
response matrix, with the outermost bins broader than

7

 [GeV]ttm
0 200 400 600 800 1000 1200 1400

Ev
en

ts
 / 

60
 G

eV

0

200

400

600

800

1000

1200

1400

1600

1800

2000

data
tt

W+jets
Z+jets
Diboson
Single top
Multijets
Uncertainty

ATLAS 
-1 L dt = 1.04 fb!

 1 b tag)" 4 jets (" + e

(a)

 [GeV]ttm
0 200 400 600 800 1000 1200 1400

Ev
en

ts
 / 

60
 G

eV

0

500

1000

1500

2000

2500

3000 data
tt

W+jets
Z+jets
Diboson
Single top
Multijets
Uncertainty

ATLAS 
-1 L dt = 1.04 fb!

 1 b tag)" 4 jets (" + µ

(b)

) [GeV]t(t
T

p
0 50 100 150 200 250 300 350

Ev
en

ts
 / 

10
 G

eV

0

200

400

600

800

1000

1200
data
tt

W+jets
Z+jets
Diboson
Single top
Multijets
Uncertainty

ATLAS 
-1 L dt = 1.04 fb!

 1 b tag)" 4 jets (" + e

(c)

) [GeV]t(t
T

p
0 50 100 150 200 250 300 350

Ev
en

ts
 / 

10
 G

eV

0

200

400

600

800

1000

1200

1400

1600

1800

2000

data
tt

W+jets
Z+jets
Diboson
Single top
Multijets
Uncertainty

ATLAS 
-1 L dt = 1.04 fb!

 1 b tag)" 4 jets (" + µ

(d)

Fig. 1 Expected and observed distributions for the invariant mass (plots (a) and (b)) and transverse momentum (plots (c)
and (d)) of the reconstructed tt̄ system. The left hand panels show distributions in the electron channel, while the right
hand panels show distributions in the muon channel. The data are compared to the sum of the tt̄ signal contribution and
backgrounds. The background contributions from W+jets and multijet production have been estimated from data, while the
other backgrounds are estimated from simulation. The uncertainty on the combined signal and background estimate includes
systematic contributions. Overflows are shown in the highest bin of each histogram.
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unfolding of∆|y| versusmtt̄, separated atmtt̄ = 450 GeV.
The choice of this mtt̄ value is motivated by the ob-
served CDF forward-backward asymmetry [6] and by
separating the data sample into two bins with roughly
equal number of events.

An additional cut on the value of the likelihood for
the tt̄ candidate is required in the two-dimensional un-
folding, since a large fraction of simulated events with
a badly reconstructed mtt̄ are found to have a low like-
lihood value.

The response matrix (including both detector and
acceptance effects) for the inclusive AC measurement
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response matrix, with the outermost bins broader than
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Conclusions on AFB

• Asymmetry larger than SM seen by CDF in 
several independent data sets

• D0 also see this but no mass dependence

• SM asymmetry is due to QCD coherence 

•  Asymmetry at CDF (not SM) level could 
be seen at LHC in this run

• So far no sign of it

46



Bryan Webber: QCD Monte Carlo Pino2012, Cortona, 29 May 2012

Finally ...

• Thanks to Pino for

✤ introducing me to QCD coherence

✤ many happy & fruitful collaborations

✤ education in art, music, food, politics, ...
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