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Top quark
The top quark is the heaviest fundamental particle that we know
mt = 173.3 ± 1.1 GeV

Because of its heavy mass, its Yukawa coupling is of order 1 in SM

Two production mechanisms:

top pair production

single top production

Top quarks do not hadronize (its decay is an order of magnitude faster than 
the hadronization time). Opportunity to study a “bare” quark:

Spin properties

Interaction vertices

Top quark mass

Decays almost exclusively to t→W+b in the SM: |Vtb|2≫|Vts|2, |Vtd|2
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Top quarks at the 
Tevatron

Everything we know about the top quark we know from 
the Tevatron

Discovery in 1995

O(103) top pairs produced (after selection/acceptance), 
cross section is ~7 pb.

Mainly (~85 %) from quark-anti-quark annihilation

Produced close to threshold in a 3S1[8] state, spins in 
same direction, 100% correlated in the off-diagonal basis

In 2009 also single top observation, cross section is ~2 pb.
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Tevatron results
Top quark mass: 173.3 ± 1.1 GeV

W-boson helicity fractions

Spin correlations between the top 
quarks are measured by fitting a 
double distribution: -0.455< κ <0.865 
at 68% C.L.

Forward-backward asymmetry: AFB = 
0.15 ± 0.07 ± 0.02

HT distribution

Decay width: Γt < 13.1 GeV at 95% 
C.L.

Branching fraction:
(t→W+b)/(t→W+q) > 0.61  at 95% C.L.

Searches for anomalous couplings

Electric charge: Qt = -4/3 excluded at 
87% C.L.

Resonance searches (spin-1 and 
spin-2)

Decay to charged Higgs

Search for heavy (4th generation) t’

Boosted top quarks

Single top production

Measurement of |Vtb| = 0.88 ± 0.07

discrimination between t and s-channel 
production
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LHC

First tops found at the LHC

First papers already appeared...

... many more to come!
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The first measurement of the cross section for top-quark pair production in pp collisions at the
Large Hadron Collider at center-of-mass energy

√
s = 7 TeV has been performed using a data sample

corresponding to an integrated luminosity of 3.1 ± 0.3 pb−1 recorded by the CMS detector. This result
utilizes the final state with two isolated, highly energetic charged leptons, large missing transverse
energy, and two or more jets. Backgrounds from Drell–Yan and non-W/Z boson production are estimated
from data. Eleven events are observed in the data with 2.1 ± 1.0 events expected from background. The
measured cross section is 194±72(stat.)±24(syst.)±21(lumi.) pb, consistent with next-to-leading order
predictions.

 2010 CERN. Published by Elsevier B.V. All rights reserved.

Since its discovery [1,2], the properties of the top quark have
been subject to numerous detailed studies [3], which until recently
have only been possible at the Tevatron proton–antiproton col-
lider. With the advent of the Large Hadron Collider (LHC) era [4],
top-quark processes can be studied for the first time in multi-TeV
proton–proton collisions. In both pp̄ and pp collisions, top quarks
are expected to be produced primarily via the strong interaction in
top–antitop (tt̄) pairs. At the LHC, the tt̄ production mechanism is
expected to be dominated by a gluon fusion process, whereas at
the Tevatron, top-quark pairs are predominantly produced through
quark–antiquark annihilation. Measurements of top-quark produc-
tion at the LHC are therefore important new tests of our under-
standing of the tt̄ production mechanism. This is a crucial compo-
nent of the early LHC physics program, since many signatures of
new physics models accessible at the LHC either suffer from top-
quark production as a significant background or contain top quarks
themselves.

In this Letter we present the first measurement of the cross
section for tt̄ production in proton–proton collisions at the LHC
at center-of-mass energy

√
s = 7 TeV. The results are based on a

data sample corresponding to an integrated luminosity of 3.1 ±
0.3 pb−1 [5] recorded by the CMS experiment [6] between March
and August 2010. This measurement is an important milestone for

! © CERN, for the benefit of the CMS Collaboration.
E-mail address: cms-publication-committee-chair@cern.ch.

CMS, demonstrating the experiment’s capabilities in extracting an
intricate signature.

Within the standard model, the top quark decays via the
weak process t → Wb almost exclusively. Experimentally, top-
quark pair events are categorized according to the decay of the
two W bosons: the all-hadronic channel, in which both W bosons
decay into quarks; the lepton + jets channel, in which one W bo-
son decays leptonically, the other into quarks; and the dilepton
channel, in which both W bosons decay into leptons. The measure-
ment described herein is performed using the e+e− , µ+µ− , and
e±µ∓ dilepton tt̄ modes. These modes comprise (6.45±0.11)% [7]
of the total branching fraction for tt̄ when including contributions
from tau leptons that subsequently decay to electrons and muons,
as is done here. Therefore, the final state studied in this analy-
sis contains two oppositely charged leptons (electrons or muons),
two neutrinos from the W boson decays, and at least two jets of
particles resulting from the hadronization of the b quarks. Similar
measurements have been performed recently at the Tevatron [8,9].

The central feature of the CMS apparatus is a superconduct-
ing solenoid, 13 m in length and 6 m in diameter, which provides
an axial magnetic field of 3.8 T. The bore of the solenoid is out-
fitted with various particle detection systems. Charged particle
trajectories are measured by the silicon pixel and strip tracker,
covering 0 < φ < 2π in azimuth and |η| < 2.5, where the pseu-
dorapidity η is defined as η = − ln[tan θ/2], with θ being the
polar angle of the trajectory of the particle with respect to
the beam direction. A crystal electromagnetic calorimeter (ECAL)

0370-2693/$ – see front matter  2010 CERN. Published by Elsevier B.V. All rights reserved.
doi:10.1016/j.physletb.2010.11.058
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Measurement of the top quark-pair production cross section

with ATLAS in pp collisions at
√
s = 7 TeV

The ATLAS Collaboration

Abstract

A measurement of the production cross-section for top quark pairs (tt̄) in pp collisions

at
√
s = 7 TeV is presented using data recorded with the ATLAS detector at the Large

Hadron Collider. Events are selected in two different topologies: single lepton (electron e or

muon µ) with large missing transverse energy and at least four jets, and dilepton (ee, µµ or

eµ) with large missing transverse energy and at least two jets. In a data sample of 2.9 pb−1,

37 candidate events are observed in the single-lepton topology and 9 events in the dilepton

topology. The corresponding expected backgrounds from non-tt̄ Standard Model processes

are estimated using data-driven methods and determined to be 12.2±3.9 events and 2.5±0.6

events, respectively. The kinematic properties of the selected events are consistent with SM

tt̄ production. The inclusive top quark pair production cross-section is measured to be

σtt̄ = 145 ± 31 +42
−27 pb

where the first uncertainty is statistical and the second systematic. The measurement agrees

with perturbative QCD calculations.
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Recent progress in top...
Updates of total top pair cross section (NLO QCD + threshold resummation (NLL)) Moch, Uwer; Cacciari et al; Kidonakis, Vogt

NNLL extensions at threshold: two slightly different definitions of threshold Czakon et al.; Beneke et al.; Ahrens et al.

Forward-Backward asymmetry from threshold resummation Almeida et al; Ahrens et al.; Antunano et al.

Top pair invariant mass very close to production threshold Hagiwara et al; Kiyo et al.

Partial results towards top pair total rate at NNLO QCD Czakon; Bonciani et al. ...

Top pair + jets @ NLO: top as a background to Higgs searches: W+W- -> H, and ttH
pp -> tt+jet Dittmaier et al.; Melikov, Schulze

pp -> tt bb Bredenstein et al.; Bevilacqua et al.

pp -> tt jj Bevilacqua et al.

tt spin correlations revisited Mahlon, Parke; Bernreuther, Si

PDF updates MSTW collaboration, ...

New features in NLO MC generators MC@NLO, POWHEG

Wt production at NLO QCD in MC@NLO Frixione et al.; White et al.

tt(+jet) production including decay at NLO QCD Melnikov, Schulze; including weak interference corrections Bernreuther, Si

Single top t-channel production at NLO QCD in 5 and 4 flavor schemes Campbell, RF, Maltoni, Tramontano

Single top including decay at NLO QCD Falgari et al.

Many, many pheno studies, including
boosted tops Almeida et al.; Kaplan et al.; ...

comprehensive determination of anomalous couplings in single top production and decay Aguilar-Saavedra et al., ...

BSM contributions to Forward-Backward asymmetry Many contributions...

effects of a 4th generation or of heavy exotic quarks Holdom et al.; Alwall et al; Kribs et al.; ...

resonance studies, pp -> X -> tt, BSM Higgs, colored resonances, KK states, spin-2 Barger et al.; RF, Maltoni; Bernreuther ...

BSM CP violation Holdom et al.; Hou et al.

etc...
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More tops at LHC

Given the great success at the Tevatron, what is there to improve?

More statistics: LHC is becoming truly a top factory:

within the next months more tops at LHC than at Tevatron

Top pairs already found

(t-channel) single top: relative enhancement over background 
compared to Tevatron. Will be seen soon?

Distributions will be measured with high precision. Also for single 
top production

Wt-associated production

Higher collision energy means more reach in heavy BSM searches

7
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on-shell top quarks

Up to December last year, all calculations beyond LO used 
the narrow width approximation for the top quark pair 
production: tops are assumed to be stable
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Figure 1: Representative Feynman diagrams contributing to the leading order process

gg → e+νeµ−ν̄µbb̄ at O(α2
sα

4), with different off-shell intermediate states: double-, single-,

and non-resonant top quark contributions.

qq̄ → e+νeµ
−ν̄µbb̄ (2.1)

where q stands for up- or down-type quarks. The O(α2
sα

4) contributions to the
e+νeµ−ν̄µbb̄ process can be subdivided into three classes, namely diagrams containing

– 3 –
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Off-shell effects

However, top quarks decay, so the true LO diagram is this 
one

In fact, there are quite a few more diagrams of the same 
order...
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Figure 1: Representative Feynman diagrams contributing to the leading order process

gg → e+νeµ−ν̄µbb̄ at O(α2
sα

4), with different off-shell intermediate states: double-, single-,

and non-resonant top quark contributions.

qq̄ → e+νeµ
−ν̄µbb̄ (2.1)

where q stands for up- or down-type quarks. The O(α2
sα

4) contributions to the
e+νeµ−ν̄µbb̄ process can be subdivided into three classes, namely diagrams containing
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Not only Top Pairs!

Gauge invariance guides us to include also single-resonant 
and non-resonant production

There is interference between the diagrams above
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Figure 1: Representative Feynman diagrams contributing to the leading order process

gg → e+νeµ−ν̄µbb̄ at O(α2
sα

4), with different off-shell intermediate states: double-, single-,

and non-resonant top quark contributions.

qq̄ → e+νeµ
−ν̄µbb̄ (2.1)

where q stands for up- or down-type quarks. The O(α2
sα

4) contributions to the
e+νeµ−ν̄µbb̄ process can be subdivided into three classes, namely diagrams containing
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Wt-associated production

Non-zero interference between the diagrams above!

Does it make sense to disentangle the two?

Kinematically, the above contributions are “distinct”
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Figure 1: Representative Feynman diagrams contributing to the leading order process

gg → e+νeµ−ν̄µbb̄ at O(α2
sα

4), with different off-shell intermediate states: double-, single-,

and non-resonant top quark contributions.

qq̄ → e+νeµ
−ν̄µbb̄ (2.1)

where q stands for up- or down-type quarks. The O(α2
sα

4) contributions to the
e+νeµ−ν̄µbb̄ process can be subdivided into three classes, namely diagrams containing

– 3 –
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(Wt-channel, 4-flavor scheme)
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Wt separate from 
top pairs

Study by C. White et al. based on MC@NLO shows that 
they can be distinguished

Advantage: both can be computed at NLO

NLO corrections can be applied to them separately

when Wt production is considered as a single by itself

also when Wt and ttbar production are considered to be a 
background to a third process, e.g. H ➞ WW

But, better description is now available

13



Rikkert Frederix, University of Zurich

WWbb at NLO
Recently, the full NLO 
computations to the WWbb 
process were calculated by two 
independent groups
Denner et al.; Bevilacqua et al.

Consistent description of top pair, 
single top and non-resonant 
contributions at NLO

Particularly important when cuts 
require tops to be off-shell

No need to disentangle top pair 
and Wt and apply separate K-
factors when studying the “top” 
background to e.g. H ➞ WW
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Figure 2: Representative Feynman diagrams contributing to the virtual corrections to the

partonic subprocess gg → e+νeµ−ν̄µbb̄ at O(α3
sα

4).

As explained before, the process under consideration requires a special treatment

of unstable top quarks, which is achieved within the complex-mass scheme [40]. At
the one-loop level the appearance of a non-zero top-quark width in the propagator
requires the evaluation of scalar integrals with complex masses, for which the program

– 5 –
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No constant ‘K-factor’

Compared the LO WWbb production, 
the NLO corrections are not an overall 
change in normalization

15
Denner et al.; Bevilacqua et al.
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Figure 16: Differential cross section distributions as a function of the averaged transverse

momentum pT!
of the charged leptons, averaged rapidity y! of the charged leptons, pTmiss

and ∆R!! for the pp → e+νeµ−ν̄µbb̄ +X process at the LHC with
√
s = 7 TeV. The blue

dashed curve corresponds to the leading order, whereas the red solid one to the next-to-

leading order result. The lower panels display the differential K factor.

they are relatively constant. Exceptions are the rapidity distributions, which are
only constant in the central region, and the pTmiss

and HT distributions, which are

distorted up to 40%− 80%.

4. Conclusions

In this paper, we have presented, for the first time, a computation of the NLO QCD
corrections to the full decay chain pp(pp̄) → tt̄ → W+W−bb̄ → e+νeµ−ν̄µbb̄ + X .

– 26 –
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Figure 9: Differential cross section distributions as a function of the averaged transverse

momentum pT!
of the charged leptons, averaged rapidity y! of the charged leptons, pTmiss

and ∆R!! for the pp̄ → e+νeµ−ν̄µbb̄ +X process at the TeVatron run II. The blue dashed

curve corresponds to the leading order, whereas the red solid one to the next-to-leading

order result. The lower panels display the differential K factor.

semi-leptonic channel yields At
FB = 0.150± 0.050stat. ± 0.024syst. [81], while the DØ

measurement of this asymmetry yields At
FB = 0.08± 0.04stat. ± 0.01syst. based on 4.3

fb−1 integrated luminosity [82]. The uncertainties of these results are still very large
and statistically dominated.

In the same manner we can calculate the integrated forward-backward asymme-
try for the top decay products, namely the b-jet and the positively charged lepton.

– 17 –

TevatronLHC (7 TeV)

4

FIG. 4: Invariant mass Me+b of the positron–b-jet system at
the Tevatron: absolute LO and NLO predictions (upper plot)
and relative corrections w.r.t. LO at µ = mt (lower plot). The
uncertainty bands describe mt/2 < µ < 2mt variations.
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operator process

OtW = (q̄σµντI t)φ̃W I
µν (with imaginary coefficient) top decay, single top

OtG = (q̄σµνλAt)φ̃GA
µν (with imaginary coefficient) single top, qq̄, gg → tt̄

OG̃ = gsfABCG̃Aν
µ GBρ

ν GCµ
ρ gg → tt̄

OφG̃ = 1
2 (φ

+φ)G̃A
µνG

Aµν gg → tt̄

Table 2: CP-odd operators that have effects on top-quark processes at order 1/Λ2. Notations are the same
as in Table 1, and G̃µν = εµνρσGρσ.

generation. In single top production, this is the only (independent) four-quark operator that contributes.
However, there are many other four-quark operators with different isospin and color structures [2, 3]. In the
top pair production process qq̄ → tt̄, seven such operators contribute. The details are discussed in Section 4.

In Table 2, the CP-odd operators are listed. These interactions interfere with the SM only if the spin of
the top quark is taken into account. The reason is that the SM conserves CP to a good approximation (the
only CP violation is in the CKM matrix), and the inteference between a CP-odd operator and a CP-even
operator is a CP violation effect. It was shown in Ref. [10] that, in the absence of final-state interactions,
any CP violation observable can assume non-zero value only if it is TN -odd, where TN is the “naive” time
reversal, which means to apply time reversal without interchanging the initial and final states. Thus an
observable is TN -odd if it is proportional to a term of the form εµνρσvµvνvρvσ. If we don’t consider the
top quark spin, v must be the momentum of the particles, and such a term will not be present because
the reactions we consider here involve at most three independent momenta. Therefore top polarimetry is
essential for the study of CP violation. Since the top quark rapidly undergoes two-body weak decay t → Wb
with a time much shorter than the time scale necessary to depolarize the spin, information on the top spin
can be obtained from its decay products. CP violation will be discussed in Section 5.

There is an argument that can be used to neglect some of the new operators [11]. Some new operators can
be generated at tree level from an underlying gauge theory, while others must be generated at loop order.
In general the loop generated operators are suppressed by a factor of 1/16π2. However, the underlying
theory may not be a weakly coupled gauge theory (technicolor, for example), or the loop diagrams could
be enhanced due to the index of a fermion in a large representation. Furthermore, the underlying theory
may not be a gauge theory at all. Fortunately, the effective field theory approach does not depend on the
underlying theory. We will consider all dimension-six operators, without making any assumptions about the
nature of the underlying theory.

We do not make any assumptions about the flavor structure of the dimension-six operators, although we
don’t consider any flavor-changing neutral currents in this paper. The charged-current weak interaction of
the top quark is proportional to Vtb, so the SM rate for top decay and single top production is proportional
to V 2

tb. We write all dimension-six operators in terms of mass-eigenstate fields, so no diagonalization of the
new interactions is necessary. Hence, in charged-current weak interactions, the interference between the SM
amplitude and the new interaction is proportional to VtbCi, where Ci is the (real) coefficient of the dimension-
six Hermitian operator Oi (also recall that Vtb itself is purely real in the standard parameterization [12]).
If the operator is not Hermitian, the coefficient Ci is complex; CP-conserving processes are proportional to
VtbReCi, while CP-violating processes are instead proportional to VtbImCi.

Deviations of top-quark processes from SM predictions have often been discussed using a vertex-function
approach, where the Wtb vertex is parameterized in terms of four unknown form factors [13]. Given our
precision knowledge of the electroweak interaction, this approach is too crude. The effective field theory
approach is well motivated; it takes into consideration the unbroken SU(3)C × SU(2)L ×U(1)Y gauge sym-
metry; it includes contact interactions as well as vertex corrections; it is valid for both on-shell and off-shell
quarks; and it can be used for loop processes [14]. None of these virtues are shared by the vertex function
approach [15].

3

CP-even

CP-odd

A systematic description of all dimension-6 operators relevant 
for top quark physics. There are only 15 relevant operators

At dimension five, the only operator allowed by gauge invariance is [1]

Leff =
cij

Λ
(LiT εφ)C(φT εLj) + h.c. (2)

where Li is the lepton doublet field of the ith generation and φ is the Higgs doublet field. When the Higgs
doublet acquires a vacuum-expectation value, this term gives rise to a Majorana mass for neutrinos. Due to
the tiny neutrino masses, the scale Λ is probably around 1015 GeV. In contrast to this unique dimension-five
operator, there are many independent dimension six operators [2, 3].

Because the top quark is heavy relative to all the other observed SM fermions, we expect that the new
physics at higher energy scales may reveal itself at lower energies through the effective interactions of the top
quark, and deviations with respect to the SM predictions might be detectable. In this paper we will study
the effect of these dimension-six operators on top quark interactions. We focus on three different processes:
top quark decay, single top production, and top pair production. If no deviation is observed experimentally,
then one can place bounds on the coefficients of the dimension six operators.

We choose the effective Lagrangian to realize the weak symmetry linearly, as the precision electroweak
data favors a light Higgs boson. The situation where the weak symmetry is realized nonlinearly is studied in
Ref. [4, 5, 6, 7, 8]. We will use the operator set introduced by Buchmuller and Wyler [3]. In their paper they
categorize all possible gauge-invariant dimension-six operators, and use the equations of motion (EOM) to
simplify them into 80 independent operators (for one generation). Subsequently it was found that several of
these operators are actually not independent [9]. We focus on the operators that have an influence on the
top quark.

We expect the leading modification to SM processes at order 1
Λ2 . In this paper we don’t consider higher

order contributions. We expect the scale Λ to be large (at least larger than the scale we can probe directly)
so 1

Λ4 contributions would be small compared to the uncertainty on top quark measurements. Thus we ignore
all dimension-eight (and higher) operators, as well as effects involving two dimension-six operators.

For any physical observable, the 1
Λ2 contribution comes from the interference between dimension-six

operators and the SM Lagrangian. This contribution might be suppressed for a variety reasons. For example,
since all quark and lepton masses are negligible compared to the top quark mass, a new interaction that
involves a right-handed quark or lepton (except for the top quark) has a very small interference with the
SM charged-current weak interactions, which only involve left-handed fermions. It turns out that although
there are a large number of dimension-six operators, only a few of them have significant effects at order 1

Λ2 .
We list these operators in Tables 1 and 2.

operator process

O(3)
φq = i(φ+τIDµφ)(q̄γµτIq) top decay, single top

OtW = (q̄σµντI t)φ̃W I
µν (with real coefficient) top decay, single top

O(1,3)
qq = (q̄iγµτIqj)(q̄γµτIq) single top

OtG = (q̄σµνλAt)φ̃GA
µν (with real coefficient) single top, qq̄, gg → tt̄

OG = fABCGAν
µ GBρ

ν GCµ
ρ gg → tt̄

OφG = 1
2 (φ

+φ)GA
µνG

Aµν gg → tt̄
7 four-quark operators qq̄ → tt̄

Table 1: CP-even operators that have effects on top-quark processes at order 1/Λ2. Here q is the left-handed
quark doublet, while t is the right-handed top quark. The field φ (φ̃ = εφ∗) is the Higgs boson doublet.
Dµ = ∂µ−igs

1
2λ

AGA
µ −ig 1

2τ
IW I

µ −ig′Y Bµ is the covariant derivative. W I
µν = ∂µW I

ν −∂νW I
µ+gεIJKW J

µ W
K
ν

is the W boson field strength, and GA
µν = ∂µGA

ν −∂νGA
µ +gsfABCGB

µG
C
ν is the gluon field strength. Because

of the Hermiticity of the Lagrangian, the coefficients of these operators are real, except for OtW and OtG.

In Table 1, only one of the four-quark operators, O(1,3)
qq = (q̄iγµτIqj)(q̄γµτIq), is listed explicitly. Here

the superscripts i, j denote the first two quark generations, while q without superscript denotes the third

2
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2 (φ
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Table 2: CP-odd operators that have effects on top-quark processes at order 1/Λ2. Notations are the same
as in Table 1, and G̃µν = εµνρσGρσ.
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However, there are many other four-quark operators with different isospin and color structures [2, 3]. In the
top pair production process qq̄ → tt̄, seven such operators contribute. The details are discussed in Section 4.
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the top quark is taken into account. The reason is that the SM conserves CP to a good approximation (the
only CP violation is in the CKM matrix), and the inteference between a CP-odd operator and a CP-even
operator is a CP violation effect. It was shown in Ref. [10] that, in the absence of final-state interactions,
any CP violation observable can assume non-zero value only if it is TN -odd, where TN is the “naive” time
reversal, which means to apply time reversal without interchanging the initial and final states. Thus an
observable is TN -odd if it is proportional to a term of the form εµνρσvµvνvρvσ. If we don’t consider the
top quark spin, v must be the momentum of the particles, and such a term will not be present because
the reactions we consider here involve at most three independent momenta. Therefore top polarimetry is
essential for the study of CP violation. Since the top quark rapidly undergoes two-body weak decay t → Wb
with a time much shorter than the time scale necessary to depolarize the spin, information on the top spin
can be obtained from its decay products. CP violation will be discussed in Section 5.

There is an argument that can be used to neglect some of the new operators [11]. Some new operators can
be generated at tree level from an underlying gauge theory, while others must be generated at loop order.
In general the loop generated operators are suppressed by a factor of 1/16π2. However, the underlying
theory may not be a weakly coupled gauge theory (technicolor, for example), or the loop diagrams could
be enhanced due to the index of a fermion in a large representation. Furthermore, the underlying theory
may not be a gauge theory at all. Fortunately, the effective field theory approach does not depend on the
underlying theory. We will consider all dimension-six operators, without making any assumptions about the
nature of the underlying theory.

We do not make any assumptions about the flavor structure of the dimension-six operators, although we
don’t consider any flavor-changing neutral currents in this paper. The charged-current weak interaction of
the top quark is proportional to Vtb, so the SM rate for top decay and single top production is proportional
to V 2

tb. We write all dimension-six operators in terms of mass-eigenstate fields, so no diagonalization of the
new interactions is necessary. Hence, in charged-current weak interactions, the interference between the SM
amplitude and the new interaction is proportional to VtbCi, where Ci is the (real) coefficient of the dimension-
six Hermitian operator Oi (also recall that Vtb itself is purely real in the standard parameterization [12]).
If the operator is not Hermitian, the coefficient Ci is complex; CP-conserving processes are proportional to
VtbReCi, while CP-violating processes are instead proportional to VtbImCi.

Deviations of top-quark processes from SM predictions have often been discussed using a vertex-function
approach, where the Wtb vertex is parameterized in terms of four unknown form factors [13]. Given our
precision knowledge of the electroweak interaction, this approach is too crude. The effective field theory
approach is well motivated; it takes into consideration the unbroken SU(3)C × SU(2)L ×U(1)Y gauge sym-
metry; it includes contact interactions as well as vertex corrections; it is valid for both on-shell and off-shell
quarks; and it can be used for loop processes [14]. None of these virtues are shared by the vertex function
approach [15].
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At dimension five, the only operator allowed by gauge invariance is [1]

Leff =
cij

Λ
(LiT εφ)C(φT εLj) + h.c. (2)

where Li is the lepton doublet field of the ith generation and φ is the Higgs doublet field. When the Higgs
doublet acquires a vacuum-expectation value, this term gives rise to a Majorana mass for neutrinos. Due to
the tiny neutrino masses, the scale Λ is probably around 1015 GeV. In contrast to this unique dimension-five
operator, there are many independent dimension six operators [2, 3].

Because the top quark is heavy relative to all the other observed SM fermions, we expect that the new
physics at higher energy scales may reveal itself at lower energies through the effective interactions of the top
quark, and deviations with respect to the SM predictions might be detectable. In this paper we will study
the effect of these dimension-six operators on top quark interactions. We focus on three different processes:
top quark decay, single top production, and top pair production. If no deviation is observed experimentally,
then one can place bounds on the coefficients of the dimension six operators.

We choose the effective Lagrangian to realize the weak symmetry linearly, as the precision electroweak
data favors a light Higgs boson. The situation where the weak symmetry is realized nonlinearly is studied in
Ref. [4, 5, 6, 7, 8]. We will use the operator set introduced by Buchmuller and Wyler [3]. In their paper they
categorize all possible gauge-invariant dimension-six operators, and use the equations of motion (EOM) to
simplify them into 80 independent operators (for one generation). Subsequently it was found that several of
these operators are actually not independent [9]. We focus on the operators that have an influence on the
top quark.

We expect the leading modification to SM processes at order 1
Λ2 . In this paper we don’t consider higher

order contributions. We expect the scale Λ to be large (at least larger than the scale we can probe directly)
so 1

Λ4 contributions would be small compared to the uncertainty on top quark measurements. Thus we ignore
all dimension-eight (and higher) operators, as well as effects involving two dimension-six operators.

For any physical observable, the 1
Λ2 contribution comes from the interference between dimension-six

operators and the SM Lagrangian. This contribution might be suppressed for a variety reasons. For example,
since all quark and lepton masses are negligible compared to the top quark mass, a new interaction that
involves a right-handed quark or lepton (except for the top quark) has a very small interference with the
SM charged-current weak interactions, which only involve left-handed fermions. It turns out that although
there are a large number of dimension-six operators, only a few of them have significant effects at order 1

Λ2 .
We list these operators in Tables 1 and 2.

operator process

O(3)
φq = i(φ+τIDµφ)(q̄γµτIq) top decay, single top

OtW = (q̄σµντI t)φ̃W I
µν (with real coefficient) top decay, single top

O(1,3)
qq = (q̄iγµτIqj)(q̄γµτIq) single top

OtG = (q̄σµνλAt)φ̃GA
µν (with real coefficient) single top, qq̄, gg → tt̄

OG = fABCGAν
µ GBρ

ν GCµ
ρ gg → tt̄

OφG = 1
2 (φ

+φ)GA
µνG

Aµν gg → tt̄
7 four-quark operators qq̄ → tt̄

Table 1: CP-even operators that have effects on top-quark processes at order 1/Λ2. Here q is the left-handed
quark doublet, while t is the right-handed top quark. The field φ (φ̃ = εφ∗) is the Higgs boson doublet.
Dµ = ∂µ−igs

1
2λ

AGA
µ −ig 1

2τ
IW I

µ −ig′Y Bµ is the covariant derivative. W I
µν = ∂µW I

ν −∂νW I
µ+gεIJKW J

µ W
K
ν

is the W boson field strength, and GA
µν = ∂µGA

ν −∂νGA
µ +gsfABCGB

µG
C
ν is the gluon field strength. Because

of the Hermiticity of the Lagrangian, the coefficients of these operators are real, except for OtW and OtG.

In Table 1, only one of the four-quark operators, O(1,3)
qq = (q̄iγµτIqj)(q̄γµτIq), is listed explicitly. Here

the superscripts i, j denote the first two quark generations, while q without superscript denotes the third
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2, the two curves are more distinct, which implies the effect of OtW would be more apparent in the energy
distribution of the leptons.

The angular distribution and the energy distribution are not independent. The energy of the leptons are
fixed in the W rest frame. Therefore their energy in the top quark rest frame is given by a boost, which only
depends on the angle θ:

Eν =
1

2
(E + |q| cos θ) (12)

Ee+ =
1

2
(E − |q| cos θ) (13)

where E = (m2
t +m2

W )/2mt and |q| = (m2
t −m2

W )/2mt are the energy and momentum of the W boson in the
top quark rest frame. Furthermore, both the angular distribution and energy distribution can be expressed
using the W helicity fractions [16]:

1

Γ

dΓ

d cos θ
=

3

8
(1− cos θ)2FR +

3

8
(1 + cos θ)2FL +

3

4
sin2 θF0 (14)

and

1

Γ

dΓ

dEe+
=

1

(Emax − Emin)3
(

3(Ee+ − Emin)
2FR + 3(Emax − Ee+)

2FL + 6(Emax − Ee+)(Ee+ − Emin)F0

)

(15)
where Emax = mt/2 and Emin = m2

W /2mt, Fi = Γi/Γ are the W boson helicity fractions, corresponding to
positive (R), negative (L), or zero (0) helicity. The helicity fraction is affected by the operator OtW :

F0 =
m2

t

m2
t + 2m2

W

−
4
√
2ReCtW v2

Λ2Vtb

mtmW (m2
t −m2

W )

(m2
t + 2m2

W )2

FL =
2m2

W

m2
t + 2m2

W

+
4
√
2ReCtW v2

Λ2Vtb

mtmW (m2
t −m2

W )

(m2
t + 2m2

W )2

FR = 0 (16)

These equations make manifest the earlier observation that the operator O(3)
φq , which simply rescales the SM

vertex, cannot affect any distributions. Thus top-quark decay is sensitive only to the operator OtW , and can
be used to measure (or bound) its coefficient.

Finally, we investigate the polarized differential decay rate. In the rest frame of the top quark, the angular
distribution of any top quark decay product is given by [18, 19]

1

Γ

dΓ

d cos θi
=

1 + αi cos θi
2

(17)

6

mb = 0

2 Top Quark Decay

When the fermion masses (except for the top quark) are ignored, there are only two independent dimension-
six operators in [3] that contribute to top-quark decay at leading order:1

O(3)
φq = i(φ+τIDµφ)(q̄γ

µτIq) (3)

OtW = (q̄σµντI t)φ̃W I
µν (4)

The operators O(3)
φq and OtW modify the SM Wtb interaction. Upon symmetry breaking, they generate the

following terms in the Lagrangian:

Leff =
C(3)

φq

Λ2

gv2√
2
b̄γµPLtW

−
µ + h.c. (5)

Leff = −2
CtW

Λ2
vb̄σµνPRt∂νW

−
µ + h.c. (6)

where v = 246 GeV is the vacuum expectation value (VEV) of φ. The operator O(3)
φq simply leads to a

rescaling of the SM Wtb vertex by a factor of (1 +
C(3)

φq
v2

Λ2Vtb
), so it does not affect any distributions, and is

therefore impossible to detect in angular distributions of top-quark decays. The vertex-function approach
to top-quark decay is pursued in Refs. [16, 17].

These operators interfere with the SM amplitude, as is shown in Figure 1. We can compute their correction
to the SM amplitude. The t → be+ν squared amplitude is:

1

2
Σ|M |2 =

V 2
tbg

4u(m2
t − u)

2(s−m2
W )2

+
C(3)

φq Vtbv2

Λ2

g4u(m2
t − u)

(s−m2
W )2

+
4
√
2ReCtWVtbmtmW

Λ2

g2su

(s−m2
W )2

(7)

where Ci is the coefficient of operator Oi, and s, t, u are generalizations of the usual Mandelstam variables
(s = (pt − pb)2, t = (pt − pν)2, u = (pt − pe+)

2).

Figure 1: The Feynman diagrams for t → be+ν. (a) is the SM amplitude; (b) represents the vertex correction

induced by the operator O(3)
φq and OtW .

Using the narrow width approximation for the W boson, the differential decay rate is

dΓ

d cos θ
=

(

V 2
tb +

2C(3)
φq Vtbv2

Λ2

)

g4

4096π2m3
tmWΓW

(m2
t −m2

W )2[m2
t +m2

W + (m2
t −m2

W ) cos θ](1− cos θ)

+
ReCtWVtbg2

128
√
2π2Λ2m2

tΓW

m2
W (m2

t −m2
W )2(1− cos θ) (8)

1The operator ODt = (q̄Dµt)Dµφ̃ listed in Ref. [3] can be removed using the EOM [9].
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Figure 1: The Feynman diagrams for t → be+ν. (a) is the SM amplitude; (b) represents the vertex correction

induced by the operator O(3)
φq and OtW .

Using the narrow width approximation for the W boson, the differential decay rate is
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1The operator ODt = (q̄Dµt)Dµφ̃ listed in Ref. [3] can be removed using the EOM [9].
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Example: top decay
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W-boson helicity fractions, mb = 0

2 Top Quark Decay

When the fermion masses (except for the top quark) are ignored, there are only two independent dimension-
six operators in [3] that contribute to top-quark decay at leading order:1
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µτIq) (3)

OtW = (q̄σµντI t)φ̃W I
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The operators O(3)
φq and OtW modify the SM Wtb interaction. Upon symmetry breaking, they generate the
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where v = 246 GeV is the vacuum expectation value (VEV) of φ. The operator O(3)
φq simply leads to a

rescaling of the SM Wtb vertex by a factor of (1 +
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φq
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Λ2Vtb
), so it does not affect any distributions, and is

therefore impossible to detect in angular distributions of top-quark decays. The vertex-function approach
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1The operator ODt = (q̄Dµt)Dµφ̃ listed in Ref. [3] can be removed using the EOM [9].
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Figure 4: The energy dependence of the neutrino.

2, the two curves are more distinct, which implies the effect of OtW would be more apparent in the energy
distribution of the leptons.

The angular distribution and the energy distribution are not independent. The energy of the leptons are
fixed in the W rest frame. Therefore their energy in the top quark rest frame is given by a boost, which only
depends on the angle θ:

Eν =
1

2
(E + |q| cos θ) (12)

Ee+ =
1

2
(E − |q| cos θ) (13)

where E = (m2
t +m2

W )/2mt and |q| = (m2
t −m2

W )/2mt are the energy and momentum of the W boson in the
top quark rest frame. Furthermore, both the angular distribution and energy distribution can be expressed
using the W helicity fractions [16]:

1

Γ

dΓ

d cos θ
=

3

8
(1− cos θ)2FR +

3

8
(1 + cos θ)2FL +

3

4
sin2 θF0 (14)

and

1

Γ

dΓ

dEe+
=

1

(Emax − Emin)3
(

3(Ee+ − Emin)
2FR + 3(Emax − Ee+)

2FL + 6(Emax − Ee+)(Ee+ − Emin)F0

)

(15)
where Emax = mt/2 and Emin = m2

W /2mt, Fi = Γi/Γ are the W boson helicity fractions, corresponding to
positive (R), negative (L), or zero (0) helicity. The helicity fraction is affected by the operator OtW :

F0 =
m2

t

m2
t + 2m2

W

−
4
√
2ReCtW v2

Λ2Vtb

mtmW (m2
t −m2

W )

(m2
t + 2m2

W )2

FL =
2m2

W

m2
t + 2m2

W

+
4
√
2ReCtW v2

Λ2Vtb

mtmW (m2
t −m2

W )

(m2
t + 2m2

W )2

FR = 0 (16)

These equations make manifest the earlier observation that the operator O(3)
φq , which simply rescales the SM

vertex, cannot affect any distributions. Thus top-quark decay is sensitive only to the operator OtW , and can
be used to measure (or bound) its coefficient.

Finally, we investigate the polarized differential decay rate. In the rest frame of the top quark, the angular
distribution of any top quark decay product is given by [18, 19]

1

Γ

dΓ

d cos θi
=

1 + αi cos θi
2

(17)

6
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W
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bSM + OtW
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By measuring the W-boson helicity fractions in top decay, 
direct bounds can be set on the dimension-6 operator

By a systematic analysis, bounds can be set on all 
dimension-6 operators relevant for top quark physics, using

top decay:

single top
  s and t channel:
  Wt associated production:

top pair production
  gg channel:
  qqbar channel:

24

OtW and O(3)
φq

OtW , O(3)
φq and OtG

OtW , O(3)
φq and O(1,3)

qq

OtG, OφG and OG

OtG and four-quark operators
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Also for early LHC data
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LHC finds a cross section that is 
10% larger than in the SM
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Figure 5: Summary plot (taking µF = µR = mt and defining the exclusion region at 2σ). The
yellow region is excluded by the Tevatron. The green (blue) region is excluded by LHC at 7 TeV
(14 TeV) after a precision of 10% is reached on the tt̄ cross section. In the first plot, it is assumed
that the measured cross section is the SM value. If the measured value deviates from the SM
one, the center of the unconstrained white region will be translated along the thin black line as
indicated. For instance, the second and third plots show the displacement of the white region if
the measured σtt̄ is respectively +10% and −20% of the SM value.

amplitudes of each dimension-six operators with MadGraph and we find at the LHC14 TeV:

σ|
O(Λ−4) ∼ σNP 2 =

(

22.5 c2hg + 3.7 c2V v

)

×
(

1 TeV

Λ

)4

pb (45)

and, at the Tevatron,

σ|
O(Λ−4) ∼ σNP 2 =

(

0.103 c2hg + 0.060 c2V v

)

×
(

1 TeV

Λ

)4

pb (46)

Therefore, at the Tevatron, our results apply to a region of parameter space bounded by
|ci|

(

1 TeV
Λ

)2
! 14/κ. At the LHC, since the center-of-mass energy is larger, the reliable

region shrinks to |chg|
(

1 TeV
Λ

)2
! 6/κ and |cV v|

(

1 TeV
Λ

)2
! 4/κ. However, outside this region,
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Degrande, Gerard, Grojean, 
Maltoni & Servant (2010)
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LHC finds SM cross section

OtG ×(1 TeV/Λ)2

O
q ×

(1
 T

eV
/Λ

)2

A 10% uncertainty on 
the total cross section at 
the LHC, already rules 
out a large region of 
parameter space
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Conclusions

Many theory activities in top quark physics

I only had time to flash over a couple...

Soon the LHC will have found more top quarks than the 
Tevatron

Impressive NLO calculation for the WWbb final state. 
Includes double, single and non-resonant contributions

Effective field theory approach to BSM allows for a 
systematic way of putting bounds on new physics
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