
Université Catholique de Louvain

Faculté des Sciences
Institut de Recherche en Mathematique et Physique

Center for Cosmology, Particle Physics and Phenomenology

Effective field theories in the
Standard Model and beyond

Céline Degrande

Jury de thèse:

Y. Félix (UCL) Président
J. M. Gérard (UCL-CP3)Promoteur

G. Bruno (UCL-CP3)
C. Grojean (CERN)

F. Maltoni (UCL-CP3)
S. Willenbrock (UIUC)

September 2011





Remerciements

A mon promoteur, mes collaborateurs et mes collègues,
aux membres du jury,

à mon mari, mes parents, ma soeur, ma famille et ma belle-famille,
à mes amis.

3





Contents

Introduction 9

1 An introduction to elementary particle physics 13

1.1 Standard Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

1.1.1 The gauge Lagrangian . . . . . . . . . . . . . . . . . . . . . 14

1.1.2 The Higgs mechanism . . . . . . . . . . . . . . . . . . . . . 15

1.1.3 The Yukawa Lagrangian . . . . . . . . . . . . . . . . . . . . 17

1.1.4 Custodial symmetry . . . . . . . . . . . . . . . . . . . . . . 18

1.1.5 The strong interaction . . . . . . . . . . . . . . . . . . . . . 18

1.2 Effective field theories . . . . . . . . . . . . . . . . . . . . . . . . . 20

1.2.1 Fermi theory . . . . . . . . . . . . . . . . . . . . . . . . . . 20

1.2.2 The expansion . . . . . . . . . . . . . . . . . . . . . . . . . 21

1.2.3 Integrating out heavy degrees of freedom . . . . . . . . . . .23

1.2.4 Scale hierarchy from spontaneously broken symmetries . . . . 24

1.2.5 Loops in effective field theories . . . . . . . . . . . . . . . . 25

1.3 Top scenery . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

1.3.1 tt̄ total cross-section and invariant mass distribution . . . . .. 28

1.3.2 Forward-backward Asymmetry . . . . . . . . . . . . . . . . 29

1.3.3 Spin correlations . . . . . . . . . . . . . . . . . . . . . . . . 31

1.3.4 Beyondtt̄ . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

5



2 A Theoretical determination of theη − η′ mixing 35

2.1 An effective theory at leading order inp2 and 1
Nc

. . . . . . . . . . . 36

2.2 One-loop corrections to theη − η′ inverse propagator matrix . . . . . 41

2.3 One-loop corrections to theη′ → ηππ decay amplitude . . . . . . . . 44

2.3.1 Tree-level amplitude . . . . . . . . . . . . . . . . . . . . . . 45

2.3.2 One-loop amplitude . . . . . . . . . . . . . . . . . . . . . . 45

2.4 Concluding remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

3 Effective theory for the top pair productions 49

3.1 Effective Lagrangians . . . . . . . . . . . . . . . . . . . . . . . . . . 50

3.1.1 Dimension-six operators for opposite sign top pair production 51

3.1.2 Dimension-six operators for same sign top pair production . . 56

3.2 Connection with composite top and heavy boson exchange models . . 57

3.2.1 Composite models . . . . . . . . . . . . . . . . . . . . . . . 57

3.2.2 s- andt-channel exchanges . . . . . . . . . . . . . . . . . . . 60

3.3 Corrections to the Higgs production . . . . . . . . . . . . . . . . .. 64

3.3.1 The chromomagnetic operator . . . . . . . . . . . . . . . . . 64

3.3.2 Composite Higgs . . . . . . . . . . . . . . . . . . . . . . . . 65

3.4 Z decay constraints . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

4 Phenomenology of top pair productions 71

4.1 Opposite sign top pair production . . . . . . . . . . . . . . . . . . .. 72

4.1.1 Partonic differential cross-sections . . . . . . . . . . . .. . . 72

4.1.2 Total cross-section . . . . . . . . . . . . . . . . . . . . . . . 74

4.1.3 tt̄ invariant-mass,pT andη distributions . . . . . . . . . . . . 80

4.1.4 Forward-backward asymmetry . . . . . . . . . . . . . . . . . 82

4.1.5 Spin correlations . . . . . . . . . . . . . . . . . . . . . . . . 85

4.1.6 Bosons exchanges . . . . . . . . . . . . . . . . . . . . . . . 87



4.2 Same Sign top pair production . . . . . . . . . . . . . . . . . . . . . 91

4.3 Associated top pair productions . . . . . . . . . . . . . . . . . . . .. 94

4.3.1 tt̄bb̄ andtt̄tt̄ productions at the LHC . . . . . . . . . . . . . . 94

4.3.2 tt̄ production in association with a Higgs . . . . . . . . . . . 97

4.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

Conclusion 103

A Appendix for top pair productions 107

A.1 Fierz transformations . . . . . . . . . . . . . . . . . . . . . . . . . . 107

A.2 Feynman diagrams fortt̄ production at orderO
(

Λ−2
)

. . . . . . . . 108

A.3 Helicity amplitude fortt̄ . . . . . . . . . . . . . . . . . . . . . . . . 108





Introduction

Particle physics aims at identifying the elementary constituents of our Universe and
understanding their interactions. Four elementary building blocks of ordinary matter
have been discovered so far : the electron, the neutrino and the two constituents of
the proton and the neutron, the up and down quarks. Moreover,two heavier replicas
were found for each matter particle. The observed picture iscompleted by the four
forces that carry the information between the twelve elementary fermions. In the 20th
century, the weak and the strong nuclear interactions were added to the well-known
gravitational and electromagnetic ones. However, the gravitational interaction does
not fit in the same theoretical framework as the three others.Since its effects are tiny
in (4-dimensional) particle physics, gravitation will be discarded in the following.

In this theoretical picture of elementary particle physics, the Standard Model (SM),
local symmetries are the keys of our understanding of the fundamental interactions.
They ensure predictivity at the quantum level,i.e. only a finite number of free pa-
rameters are needed to absorb all the divergences of the model. However, they also
imply that the mediators are massless. Consequently, particles should interact at large
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10 INTRODUCTION

distance. While this property is confirmed for the electromagnetic interaction, it dis-
agrees with the observed behavior of the weak and strong interactions. We can actually
see, for example, the attraction or the repulsion between magnets due to the electro-
magnetic force. On the contrary, nuclear forces did never show up in any every day
experiments.

The issue was solved differently for the two interactions inthe SM. On the one
hand, the strong interaction is hidden at large distances through confinement. Simi-
larly as neutral atoms and molecules mask the electromagnetic interaction, only quark
bound states, neutral for the strong interaction, are allowed. The drawback is that only
those composite hadrons can be directly seen in any detector. Moreover, accurate re-
lations with the fundamental parameters are hard to obtain due to the large value of
the strong coupling. Consequently, many questions about the strong dynamics are still
unanswered. On the other hand, the weak interaction can onlyact at short distances
due to the masses of its mediators. The price to avoid an explicit breaking of the local
symmetry by the masses is the introduction of a new scalar, the Higgs boson. Despite
its very good agreement with the experimental data, this minimal solution brings its
own issues. First of all, the elementary scalar predicted bythe model has not been
discovered so far and requires further experimental investigation. Additionally, scalar
masses are very sensitive to the ultraviolet content of the model. If there are some new
particles at higher energy, it is hard to stabilize the electroweak scale at its measured
value. There are several reasons to expect those new states.In particular, the known
matter is only 5% of the Universe content. There are basically two ways out : either
the new physics scale is close to the electroweak one or the electroweak symmetry
breaking (EWSB) is not due to an elementary scalar. Even in the second case, new
phenomenons should happen around the TeV. As a matter of fact, sizeable deviations
from the SM in the weak bosons scattering are expected at thisscale if there is no
Higgs particle.

While our knowledge of the strong interaction is mainly theoretically limited, the
questions about the EWSB mechanism can only be answered by experiments. The
Tevatron and the Large Hadron Collider (LHC) were preciselybuilt for that reason.
Little hope remains for a discovery at the Tevatron before its closure in September.
However, LHC has just started last year to collect data and isperforming extremely
well. Both at the Tevatron and at the LHC, the strong processes dominate since they
are hadron machines. Weak bosons are thus harder to produce than the colored parti-
cles. Fortunately, the fermion mass generation is also related to the symmetry breaking
of the weak sector in the SM. The heavier a particle is, the stronger it couples to the
EWSB sector. Being the heaviest matter particle, the top quark is thus a natural probe
of the EWSB mechanism.
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In this thesis, we use the same tool, effective field theories, to further explore con-
finement and electroweak spontaneous symmetry breaking. Effective field theories are
introduced in the first chapter as well as the Standard Model and the relevant measure-
ments in top physics. The second chapter focuses on the lightest strong bound states.
Their low masses compared to the confinement scale of the strong interaction make
the light mesons suitable for an effective treatment. The associated effective theory
allows us to understand their interactions from the varioussymmetries of the funda-
mental Lagrangian. In particular, we focus on theη − η′ mixing which is sensitive
to the dynamical breaking of the global axial symmetry by thestrong interaction [1].
After this first contact with the well-known effective theory for the light mesons, we
further use this tool for the search of new physics in top pairproductions [2, 3]. The
effective theory, described in the third chapter, providesa model independent way to
parametrize the new physics effects. Our analysis is thus not restricted to new physics
related to EWSB, but also includes many other types of new physics coupled to the
top quark. The constraints on the parameter space from the Tevatron and LHC mea-
surements are derived in the last chapter. The new physics effects for the LHC are
then computed in the allowed region.
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Chapter1
An introduction to elementary
particle physics

This chapter does not attempt to provide a complete introduction to elementary par-
ticle physics. Its aim is to give the necessary ingredients for the following chapters in a
pedagogical way. First, the current theoretical picture ofthe fundamental interactions,
i.e. the Standard Model (SM), is briefly introduced. Even if thereare several reasons
to go beyond the SM, its successes in explaining the experimental data prove that the
SM is at least a good approximation in the energy range probedso far. The second
part is dedicated to the effective field theories. They will be used to explore the SM in
Chap. 2 but mainly to go beyond in Chap. 3. Finally, the more relevant experimental
measurements in the top quark sector will be summarized. In Chap. 4, our extension
of the SM will be confronted to those data.
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14 Chapter 1. An introduction to elementary particle physics

1.1 Standard Model

1.1.1 The gauge Lagrangian

The Standard Model is a gauge theory based on the groupsSU(3)c ⊗ SU(2)L ⊗
U(1)Y . The fermion fields transformations under the local symmetry are given by

Ψ → eigsα(x)
ATA+igβI (x)σI

2 +ig′γ(x)Y Ψ (1.1)

whereY is the hypercharge,σI are theSU(2)L generators1 normalized as tr
(

σIσJ
)

=

2δIJ andTA are theSU(3)c generators normalized as tr
(

TATB
)

= 1
2δ

AB. The
matter content of the SM as well as their quantum numbers are displayed in Table 1.1.

LL lR qL uR dR

SU(3)c 1 1 3 3 3

SU(2)L 2 1 2 1 1

Y − 1
2 −1 1

6
2
3 − 1

3

Table 1.1: Quantum numbers of the SM fermions whereLL = (νL, lL)
T andqL =

(uL, dL)
T .

The remaining particles of the SM are the mediators of the interactions between the
matter fields. The gluonsGA and the electroweak bosonsW I andB are the gauge
bosons ofSU(3)c, SU(2)L andU(1)Y respectively and transform as

FA
µ → FA

µ + ∂µφ(x)
A + gif

ABCFB
µ φ

C (1.2)

whereφ(x) is a generic label forα(x), β(x) andγ(x), gi for gs, g andg′ andfABC

are the structure constants of the associated group. With this particle content, the most
generic renormalizable Lagrangian is

Lgauge =
∑

iΨ��DΨ− 1

4
GA

µνG
µνA− αs

8π
θG̃A

µνG
µνA− 1

4
W I

µνW
µνI− 1

4
BµνB

µν

(1.3)

where

Dµ ≡ ∂µ − igsG
A
µ T

A − i
1

2
gW I

µσ
I − ig′BµY (1.4)

1Since the SM only containsSU(2)L doublets or singlets,σI will be also used to denote the Pauli
matrices.
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is the covariant derivative, theGA
µν ,W I

µν andBµν are the strength field tensors defined
by

FA
µν ≡ ∂µF

A
ν − ∂νF

A
µ + gif

ABCFB
µ F

C
ν , (1.5)

αs ≡ g2
s

4π andG̃µν = ǫµνρσG
ρσ. The parameterθ is constrained to be very small by

the measurement of the neutron electric dipole moment2 so we will assume thatθ = 0

in the following. There is no such term forSU(2)W since the Lagrangian for the weak
interaction is equivalent to a chiral QCD-like theory.

It should be noted thatLgauge only contains gauge interactions and kinetic terms.
Consequently, all the fields are massless so far. On the one hand, gauge symmetry
guarantees that the mediators are massless. On the other hand, no Dirac mass term
can be formed for the fermions since their right- and left-handed components belong
to different representations of the electroweak symmetry group.

1.1.2 The Higgs mechanism

However, almost all the observed elementary particles are massive. In the SM, this
problem is solved by breaking spontaneously the gauge groupof the electroweak inter-
actionsSU(2)L⊗U(1)Y toU(1)EM . In practice, this mechanism is implemented by
a scalar field denotedH and transforming as(1, 2, 1/2) under the SM gauge groups.
We can now write down the full SM Lagrangian,

L
SM = L

gauge + |DµH |2 − V (H) + LY ukawa. (1.6)

where

V (H) = −µ2H†H + λ
(

H†H
)2

(1.7)

is the scalar potential andLY ukawa contains the interactions between the new scalar
doublet and the matter fields (see Sect. 1.1.3).

The scalar potential is bounded from below ifλ is positive. Ifµ2 > 0, the scalar
field has a non vanishing value at the minimum

〈|H |2〉 = µ2

2λ
≡ v2

2
, (1.8)

2If the determinant of the mass matrix for the light quarks is real.
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wherev is the vacuum expectation value (vev). Using gauge invariance,H can be
written as

H =

(

0
v+h(x)√

2

)

(1.9)

whereh(x) is the surviving physical Higgs boson. The upper component can actually
be gauged away by aSU(2)L transformation. The phase of the lower component
can be then removed thanks to the generator1

2σ3 − Y . Consequently, the orthogonal
combination, corresponding to the unbrokenU(1)EM , is still not fixed by our choice
of gauge. A massless vector boson has two degrees of freedom,its two transverse
polarizations. However, a massive vector boson has also a longitudinal polarization
and has thus three degrees of freedom. The three missing realscalar fields of the
doublet provide the additional degrees of freedom requiredby the three massive vector
bosons,i.e. they are eaten by the gauge bosons. In practice, the mass terms of the weak
gauge bosons are obtained by replacingH accordingly to Eq. (1.9),

|DH |2 ∋ v2

8
(g′B − gW3)

2
+
g2

4
v2W+W− (1.10)

where we have omitted the Lorentz indices andW± ≡ (W1 ∓ iW2)/
√
2. The masses

of the bosons are

MW =
v

2
g, MZ =

v

2

√

g2 + g′2 et MA = 0. (1.11)

The neutral mass eigenstates are
(

Z

A

)

=

(

cos θW − sin θW
sin θW cos θW

)(

W3

B

)

(1.12)

with cos θW ≡MW /MZ .

In term of the physical field, the covariant derivative reads

D = ∂ − igsGAT
A − ig′ cos θW

(

1

2
σ3 + Y

)

A− i
g√
2

(

W+σ+ +W−σ−)

−i
(

g
1

2
σ3 cos θW − g′ sin θWY

)

Z. (1.13)

whereσ± ≡ σ1±iσ2

2 . The massless bosonA is identified as the photon. Consequently,

e = g′ cos θW and Q =
1

2
σ3 + Y. (1.14)

The fourth and fifth terms in Eq. (1.13) give rise to the weak charged and neutral
currents respectively.
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1.1.3 The Yukawa Lagrangian

In the SM, the scalar doublet does not only give their masses to the weak gauge
bosons, but also to the fermions. The last piece of the Lagrangian is

LY ukawa = −LLHy
llR −QLH̃y

uuR −QLHy
ddR + h.c. (1.15)

whereH̃ = iσ2H
∗ andLL, QL, lR, uR anddR are vectors in the three dimensional

flavor space. Consequently,yF are3 × 3 arbitrary complex matrices. The fermion
mass matrices,

MF =
yF v√

2
, F = l, u, d, (1.16)

are thus free parameters. They are, in principle, not diagonal, but can be diagonalized
by unitary transformations :

MF
diag = UF

LM
FUF

R

†
. (1.17)

The mass eigenstates are linear combinations of the interaction eigenstates, the latter
being now denoted by′,

uR = Uu
Ru

′
R, dR = Ud

Rd
′
R (1.18)

uL = Uu
Lu

′
L, dL = Ud

Ld
′
L. (1.19)

The full SM Lagrangian can be rewritten in term of the mass eigenstates. Nothing
changes for the neutral currents since the associated generators are diagonal. On the
contrary, the charged currents mix up and down quarks and areat the origin of flavor
violation at the tree-level,i.e.

g

2
√
2
Q

′ (
W+

µ σ
−γµ

)

Q′ + h.c. =
g√
2
u′L
(

W+
µ γ

µ
)

d′L + h.c.

=
g√
2
uL
(

W+
µ γ

µ
)

VCKMdL + h.c.

(1.20)

whereVCKM = Uu
LU

d
L

†
is the unitary Cabibbo, Kobayashi, Maskawa mixing matrix.

This matrix can be described by three mixing angles and one physical phase. This
phase is the only source of CP violation in the SM.

The Yukawa Lagrangian is responsible for most of the free parameters of the SM.
In fact, it contains 13 physical parameters (3× 3 masses, 3 angles and 1 phase) while
the gauge and the Higgs Lagrangian only depend respectivelyon 3 and 2 parameters.
While most of those 13 parameters are small, the top yukawa coupling turns out to be
large (yt =

√
2mt

v ∼ 1).
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Neutrinos are massless since we have not introduced their right-handed compo-
nents. There are many other ways to provide the neutrinos with a mass [4]. However,
we are not concerned here about neutrino masses and mixing.

1.1.4 Custodial symmetry

The scalar potential of the SM has an accidentalSU(2)L⊗SU(2)R symmetry. Defin-
ing

M ≡
(

H̃ H
)

, (1.21)

the scalar potential is only a function of tr
(

M †M
)

= 2H†H and is invariant under
the transformation

M → U †
LMUR. (1.22)

After spontaneous symmetry breaking,SU(2)L ⊗ SU(2)R is broken to the custodial
SU(2)V symmetry. The three eaten scalar bosons transform as a triplet under the cus-
todial symmetry. Their mass degeneracy is transferred to the triplet of gauge bosons
(W±, W3). As a consequence, this symmetry implies the tree-level relation

ρ ≡ M2
W

M2
Z cos2 θW

=
M2

W

M2
W3

= 1 (1.23)

and protects it from quantum corrections quadratic in the Higgs mass. However, the
custodial symmetry is broken both by the gauge and the yukawainteractions. The
largest one-loop correction to theρ parameter is due to the top mass,

δρ =
3G

8
√
2π2

m2
t . (1.24)

Its precise measurement at LEP [5],

ρ = 1.00412± 0.00124, (1.25)

was used to estimate the top mass [6] before its discovery at the Tevatron [7,8].

1.1.5 The strong interaction

The strong interaction is mediated by the gluons. The associated quantum field the-
ory is called quantum chromodynamics (QCD) since its charges are the colors. At
low energy, those interactions are much stronger than the electromagnetic and weak
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interactions. As a consequence, the same computation technique, perturbative expan-
sion, cannot be applied. However, the coupling constant of the strong interaction at
the energyµ is given by

αs

(

µ2
)

=
4π

b0 log
(

µ2

Λ2
QCD

) (1.26)

whereΛQCD is a reference scale. At one-loop,

b0 = 11− 2

3
nF (1.27)

wherenF is the number of fermions in the fundamental representationof SU(3)c.
The contribution of the gluons, given by the first term, is positive. On the contrary,b0
decreases due to the fermions loops.b0 is positive ifnF < 33

2 , i.e. if there are at most
16 colored fermions. Consequently, the strong coupling constant decreases with the
energy in the SM as illustrated on Fig. 1.1. At high energy, the quarks behave like free
particles, they are asymptotically free. It also insures that perturbative computation is
valid in QCD at high energy, but breaks down at low energy.

The non abelian structure of the group is necessary to have gauge bosons self-
interactions as shown in Eq. (1.5). Consequently, abelian gauge theories like QED are
not asymptotically free.

QCD α  (Μ  ) = 0.1184 ± 0.0007s Z

0.1

0.2

0.3

0.4

0.5

αs (Q)

1 10 100
Q [GeV]

Heavy Quarkonia
e+e–  Annihilation
Deep Inelastic Scattering

July 2009

Figure 1.1: Running of the strong coupling constant [9].
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1.2 Effective field theories

Many problems can be simplified by only using the relevant scale(s) of the studied
process. The chemical properties of the hydrogen atom can bewell described without
knowing the details on how the quarks interact inside the proton. The proton can be
considered as an elementary object because the binding energy of its constituents is
much bigger than the energy of the orbiting electron. The separation of the different
scales of the system is the key ingredient for effective theories.

Effective field theories are very useful in different areas.Predictive effective the-
ories can be constructed for strongly coupled theories where perturbative expansion
cannot be trusted anymore. The typical example is QDC at low energy which will be
studied in Chap. 2. Heavy quark effective theory (HQET) has been also used for the
strong interaction if the mesons contain one heavy quark. Inaddition, effective theo-
ries also provide a model independent approach to look for new physics in a bottom
up way. The same effective theory can correspond to several high energy fundamen-
tal theories since it does not depend on all the details of thefull theory. This is the
cornerstone of Chap. 3.

In this section, the main ideas of effective field theories are introduced with the help
of one of the most famous examples. The main properties relevant for the following
chapters are then discussed. This introduction is based on Refs. [10–13] and more
information can be found therein.

1.2.1 Fermi theory

In the early days of particle physics, Fermi proposed explaining the charged currents
leading toβ-decay by contact interactions,i.e. products of currents [14]. The Fermi
effective Lagrangian is now written as

LFermi = −GF√
2
JµJµ

† (1.28)

whereGF is the Fermi constant. Since the Fermi constant has the dimension of the
inverse of an energy squared, let us define the energyΛF such that

GF√
2
≡ 1

Λ2
F

. (1.29)
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The current in the Fermi Lagrangian can be split into the hadronic,Jh
µ , and the lep-

tonic,J l
µ, currents

Jµ = Jh
µ + J l

µ. (1.30)

For simplicity, let us focus on lepton interactions where the current is defined by

J l
µ =

∑

l

ν̄lγµ (1− γ5) l. (1.31)

This effective Lagrangian could have been built from the symmetries of the SM only.
Assuming that only the left-handed leptons are doublets underSU(2)L and that the
interactions are flavor universal, one easily proves that Eq. (1.28) contains the only
dimension-six operator with charged currents. However, the opposite way was fol-
lowed historically. Charged currents were measured to be flavor universal. Parity vio-
lation of the weak interaction was discovered later and led to the V-A structure. The
SU(2) symmetry was then postulated and the existence of neutral currents predicted.
Their discovery was one of the great success of what became later the SM.

From the effective Fermi Lagrangian, the decay width of the muon into an electron
and two neutrinos is given by

Γ (µ→ eν̄eνµ) ∼=
1

96π3

m5
µ

Λ4
F

. (1.32)

The scaleΛF , or equivalentlyGF , can be extracted from the measured value of this
decay

ΛF
∼= 348GeV. (1.33)

The same result holds for the tau decay such that theΛF -independent ratio

Γ (µ→ eν̄eνµ)

Γ (τ → eν̄eντ )
∼=
m5

µ

m5
τ

≈ 7.4 10−7 (1.34)

agrees with the experimental value. Similarly, several other processes like electron-
neutrino diffusion can be now computed as well.

1.2.2 The expansion

The muon decay can also be computed starting from the SM Lagrangian. Since the
momenta involved in this process are small compared to the mass of the W boson, the
denominator of its propagator can be expanded as

1

p2 −M2
W

= − 1

M2
W

− p2

M4
W

+ . . . (1.35)
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Keeping only the first term, we obtain the same result as in Eq.(1.32) with the identi-
fication

g2

8

1

M2
W

=
1

Λ2
F

=
GF√
2
, (1.36)

from which we extract the value of the Higgs vev as,

v =
(√

2GF

)− 1
2

= 246 GeV. (1.37)

The effective Fermi theory is thus equivalent to the SM up to corrections of the order
of p2

M2
W

. The scaleΛF is of the order of the mass of the heavy states in the fundamental
theory.

The effective Lagrangian of Eq. (1.28) is in fact the first term of the same expan-
sion in 1

M2
W

as in Eq. (1.35) applied to the full Lagrangian. The advantage is that the
expansion on Lagrangian is done once for all in opposition tothe expansion of the
propagator which should be done for each amplitude. Momentain an amplitude are
equivalent to derivatives in the Lagrangian. Since each derivative increases the dimen-
sion of the operator by one unit, this operator should be suppressed by one extra power
of the new physics scaleΛ compared to the other operators. However, an effective La-
grangian is more than just an expansion in the number of derivatives. In general, each
operator will be suppressed byΛ4−d with d being the dimension of the operator. The
suppression of an operator does not only increase with its number of derivatives but
also with its fields content. This generalization to the fields is necessary if we want
to keep gauge invariance because covariant derivatives andstrength field tensors are
sum of derivatives and vector fields. Moreover, this extension is necessary for the
Fermi theory. Despite the lack of derivatives, Fermi Lagrangian is still suppressed by
the square of the mass of the heavy particles, the W boson, because the operator is of
dimension six.

An effective theory is thus nothing more than a Taylor expansion in the ratio of
two scales. The convergence is warranted by the gap between the scales. As we saw
in the previous example, the only remnants of the full theoryat low energies are the
symmetries and the values of the coupling constants. However, effective theories are
still predictive even if we do not know the values of those coupling constants. In
fact, the series can be truncated if the expansion parameteris small. Consequently,
the Lagrangian only contains a finite number of free coefficients. The drawback of
the truncation is that the predictions have errors. However, the errors are of the same
order as the truncated piece of the Lagrangian.
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The general rules for effective field theories can be stated as follows :

1. The dynamics at low energies does not depend on details of the dynamics at
high energies.

2. Determine the relevant degrees of freedom at the scale of your process.

3. Build all the operators allowed by the symmetries of the theory up to the re-
quired precision knowing that each operator is suppressed by Λ4−d with d being
the dimension of the operator andΛ being the scale associated with the heavy
particles of the fundamental theory.

1.2.3 Integrating out heavy degrees of freedom

It is not always possible to go (easily) from the fundamentalto the effective theory.
However, if the theory is perturbative, we can integrate outthe heavy particles. The
tree-level relations between the fundamental parameters and the effective couplings
are then directly obtained without passing through amplitudes computation. This pro-
cedure is illustrated in the following for heavy bosons (spin 0 or 1). This choice of
particles is motivated by their use in Chap 3. However, it canalso be applied for
fermions or tensors.

The generic renormalizable Lagrangian for a vector field is given by

LV = kin. term +M2V †
µV

µ +
∑

i

giVµJ
µ
i + h.c. (1.38)

whereM2 should be replaced byM
2

2 if the vector field is self-conjugate. The kinetic
term can be neglected for a heavy vector. The Lagrange equation forV †

µ then implies

V µ = − 1

M2

∑

i

giJ
µ
i . (1.39)

After replacingV µ according to Eq. (1.39),i.e. integrating out the heavy vector, the
Lagrangian of Eq. (1.38) becomes

LV
eff = − (

∑

i giJ
µ
i ) (
∑

i giJ
µ
i )

†

M2
. (1.40)

Using the definition of the leptonic current of Eq. (1.31), the Lagrangian in Eq. (1.3)
impliesgl =

g

2
√
2
. Fermi’s Lagrangian follows with the identification of Eq. (1.36).
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Similarly, if the vector field is self-conjugate, we obtain

LV
eff = − (

∑

i giJ
µ
i + h.c.)

2

2M2
. (1.41)

Finally, if the heavy degree of freedom is a scalar, the full Lagrangian is

LS = kin. term −M2φφ† +
∑

i

giφdi + h.c.. (1.42)

After integrating out this heavy scalar field, the Lagrangian becomes

LS
eff =

(
∑

i gidi) (
∑

i gidi)
†

M2
. (1.43)

1.2.4 Scale hierarchy from spontaneously broken symme-
tries

Symmetries of the fundamental theory are often unbroken in the effective theory.
However, broken global symmetry can also be helpful for effective field theories. If a
global continuous symmetry is spontaneously broken, Goldstone theorem implies the
existence of a massless particle, a Goldstone boson, for each broken generator. If the
symmetry is only approximate, the particles are not massless but remain lighter than
the fields associated with the unbroken generators. Consequently, their interactions
can be well described by an effective Lagrangian. As we will see in Chap. 2, the light
pseudoscalar mesons are an example of pseudo-Goldstone bosons. Their masses are
truly below those of the scalar mesons,i.e.Λ = 1 GeV.

Proof of the Goldstone theorem : We assume that the Lagrangian depends on sev-
eral scalar fieldsφa and is invariant under a continuous global symmetry

φa → φa + i αGk
abφ

b (1.44)

whereα is the expansion parameter andGk are the generators of the group. Since the
kinetic term is left unchanged by the symmetry, the potential should also be invariant,

V (φa) = V
(

φa + i αGk
abφ

b
)

. (1.45)

Sinceα is small,

Gk
abφ

b ∂

∂φa
V (φ) = 0. (1.46)
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Deriving respect toφc and evaluating this expression atφ = φ0 whereφ0 is the
minimum of the potential, we obtain

(

∂Gk
abφ

b (φ)

∂φc

)

φ=φ0

(

∂V (φ)

∂φa

)

φ=φ0

+

(

Gk
abφ

b ∂2

∂φa∂φc
V (φ)

)

φ=φ0

= 0. (1.47)

The first term vanishes becauseφ0 is the minimum.Gk
abφ

b
0 is non zero for the scalars

which vev breaks the symmetry. Consequently, the second factor should also vanish.
This factor is precisely one row of the scalar mass matrix. The fields associated with
the spontaneously broken generators are thus massless.

1.2.5 Loops in effective field theories

If the expansion seems consistent at the tree-level, the validity of effective theories
is questionable at the loop-level. The expansion may break down due to the large
momenta in the loops. A generic effective Lagrangian can be written as

L =
∑

d,k

1

Λd−4
ckO

d
k (1.48)

whered is the dimension of the operator. From this Lagrangian, we can compute the
degree of divergence of an arbitrary amplitude. Only one-particle irreducible ampli-
tudes, amplitudes that cannot be split into two by removing one propagator, need to
be considered. All amplitudes can always be decomposed intoproducts of irreducible
ones.

In an amplitude, each vertex contribution goes likepd−e−i wherep is a generic
label for the loop-momenta,d is the dimension of the operator from which the vertex
comes from,e is the sum of the dimensions of the external legs and externalmomenta
and i is the sum of the dimensions of the internal legs. If the diagram containsV
vertices, their momenta dependence is given bypD−E−I , whereD, E andI are the
sum of thed, e andi of each vertex. All those vertices need to be connected to form at
least one-loop. To obtain exactly one-loop, we needV propagators. If the propagating
particle is a fermion, adding its propagator gives a factor1

p andI increases by3. If the

propagating particle is a boson, adding its propagator gives a factor 1p2 andI increases
by 2. The contribution of all propagators and vertices for a one-loop amplitude is thus
given bypD−E−4V . Each time a new propagator between two vertices (differentor
not) is added, one more loop is created. At the end, an amplitude with L loops goes
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like3

A (D,E, V, L) ∝
(∫

d4p

)L

pD−E−4V−4(L−1)

∼
{

ΛD−E−4V+4 if D − 4V 6= E − 4

log
(

Λ2

µ2

)

if D − 4V = E − 4
(1.49)

whereµ is the typical scale of the process. Each vertex coefficient brings a factor
1

Λd−4 . Consequently, the amplitude goes likeΛ4−E if D − 4V 6= E − 4 or like

Λ4−E log
(

Λ2

µ2

)

otherwise. The dimensions of the operators that are corrected by this

amplitude are at least equal toE. As a consequence, the loop corrections can be
written as

ck
1

Λd−4
Od

k → 1

Λd−4

(

ck +

(

w

(4π)
2 +

x

(4π)
4 + . . .

)

log

(

Λ2

µ2

)

+

(

y

(4π)
2 +

z

(4π)
4 + . . .

)

+ O
(

Λ−2
)

)

Od
k (1.50)

wherew, x, y andz are polynomials of theck and of the gauge couplings. If none
of the ck or the gauge couplings are large, the Lagrangian is perturbative and loop
corrections are small. To sum up, the loops do not break the expansion in 1

Λ but
renormalize the couplings and the fields. This result is known as the decoupling the-
orem [15]. In fact, all divergences from theO

(

1
Λn

)

amplitudes can be absorbed into
the operators of dimensionn+4 as it can be seen from Eq. (1.49). The effective theo-
ries are usually called non renormalizable theories since an infinite number of counter
terms are needed to absorb the divergences. However, at eachorder in the expansion,
only a finite number of counter terms are needed. Consequently, effective theories are
renormalizable not in the usual sense but order by order.

The logarithmic divergences in Eq. (1.50) can be absorbed inthe definition ofck
at one scaleµR only. Consequently, they also induce a physical running forthe co-
efficients. For strongly coupled theories, those logarithmic divergences can generate
large anomalous dimensions,

(1 +A log

(

Λ2

µ2

)

) = e
A log

(

Λ2

µ2

)

=

(

Λ2

µ2

)A

. (1.51)

3If D − E is odd, the integral of the largest power ofp vanishes. Consequently,D should be replaced
by D − 1 in the second line.
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In this case, the usual power counting breaks down. However,the degrees of freedom
at low energy are not anymore the elementary particles of thefundamental theory but
bound states. Those anomalous dimensions are welcome in technicolor to alleviate
the tension between the SM fermion masses and flavor violation. Technifermion anti-
technifermion bound states have an anomalous dimension -2 (an example of walking
technicolor model can be found in ref. [16]). The mass terms for the SM fermion orig-
inate from dimension-four operators with two SM fermions and two technifermions.
On the contrary, flavor violation is induced by dimension-six operators with four SM
fermions and is thus suppressed by the square of the heavy particles scale.

From Eq. (1.50), we can see that scalar masses receive corrections proportional toΛ
because the dimension of the associated operator is two. Consequently, scalar masses
and, in particular, the Higgs mass are expected to be of the order of the cut-off of the
theory. New physics should thus appear at the LHC to avoid finetuning. Another
way out is to protect the Higgs mass by a symmetry. As we saw, its mass would
remain small if the Higgs is a pseudo-Goldstone boson. This issue only happens for
scalar. On the contrary, the fermions Dirac masses diverge at most logarithmically
despite that they originate from a dimension-three operator. In fact, they are protected
by chiral symmetry in gauge theories like the SM. Namely, theLagrangian up to the
mass term is invariant under a rephasing of either the left- or right-handed fermions
since all the terms of the Lagrangian except the mass term contain only one of the two
chiralities. As a consequence, the corrections to the fermion masses are proportional
to the masses them-selves4.

1.3 Top scenery

Top physics has already reached a high-level of sophistication and we already know
a lot from the Tevatron which sets strong constraints ontop-philic new physics [17–
20]. Until recently, Tevatron was the only source of top quarks. However, LHC finally
produced its first top quarks [21–24] in 2010 and started thisyear to get the first precise
measurements [25].

This short review is not exhaustive but only focuses on the measurements needed
in Chap. 4. The two experiments of the Tevatron actually measured several other
important quantities like the top mass, single top cross-section and so on.

4In supersymmetry, the corrections to the scalar masses diverge also logarithmically since fermions and
scalars belong to the same supermultiplets.
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1.3.1 tt̄ total cross-section and invariant mass distribution

Total tt̄ cross-section was measured at the Tevatron and already at the LHC with
a precision comparable to the theoretical one. The most precise measurement at the
Tevatron is the CDF combination of all channel at 4.6 fb−1 [26],

σ1.96 TeV
obs = 7.5± 0.31(stat)± 0.34(syst)± 0.15(lumi) pb. (1.52)

Their analysis combines both dileptonic, semileptonic andfully hadronic channels.
CMS combination of the semileptonic and dileptonic channels with 36 pb−1 [25],

σ7 TeV
obs = 158± 10(stat)± 15(syst)± 6(lumi) pb, (1.53)

is about one sigma below the Atlas one with 35 pb−1 [27]

σ7 TeV
obs = 180± 9(stat)± 15(syst)± 6(lumi) pb. (1.54)

All those experimental results agree with the NLO+NLL predictions [28] for the SM
cross-sections at the Tevatron (mt = 174.3 GeV)

σ1.96 TeV
th = 6.87+0.26

−0.48(scale)+0.47
−0.33(pdf) pb, (1.55)

and at the LHC

σ7 TeV
th = 146+12

−13(scale)+11
−11(pdf) pb. (1.56)

The experimental and theoretical results for the totaltt̄ cross-sections are summarized
in Fig. 1.2.
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Figure 1.2: Summary of thett̄ cross-sections measurements and SM predictions [27].
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The first measurement of thett̄ invariant mass distribution was done at CDF [29]
with 2.7 fb−1 in the semileptonic channel and showed no deviation from theSM.
The updated measurement with 4.8 fb−1 [30] confirms this conclusion (see Fig. 1.3)
as well as D0 analysis with 3.6 fb−1 [31]. At the LHC, CMS has already started to
constrain the presence of new resonances with thett̄ invariant mass distribution [32].

Figure 1.3: tt̄ invariant mass distribution measurement by CDF [30] and thecorre-
sponding limit on narrow resonances.

1.3.2 Forward-backward Asymmetry

The forward-backward asymmetry intt̄ production is defined as

AFB ≡ σ (cos θt > 0)− σ (cos θt < 0)

σ (cos θt > 0) + σ (cos θt < 0)
(1.57)

whereθt is the angle between the momenta of the incoming parton in theproton and
the outgoing top quark in the laboratory ortt̄ rest frame. In the Standard Model, there
are no preferred directions for the top and antitop quarks atthe lowest order. A positive
asymmetry is generated at NLO,i.e., the top quark prefers to go in the direction of the
incoming quark and the antitop quark in the direction of the incoming antiquark [33]:

ASM,lab
FB = 0.05± 0.015 (1.58)

in the laboratory frame. The recent measurements ofAFB at the Tevatron show an
intriguing deviation from the SM prediction [34–36]. The most precise CDF result
(semileptonic channel with 5.3 fb−1) [37]

AEXP,lab
FB = 0.15± 0.05(stat)± 0.024(syst), (1.59)
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is larger by about 2σ than the SM prediction. Moreover, the discrepancy seems to
increase with the energy. As a matter of fact, CDF measurements above 450GeV [38]

AEXP,tt̄
FB (Mtt ≥ 450GeV) = 0.475± 0.114 (1.60)

AEXP,tt̄
FB (Mtt < 450GeV) = −0.116± 0.153 (1.61)

is more than 3σ away from the SM prediction

ASM,tt̄
FB (Mtt ≥ 450GeV) = 0.088± 0.013 (1.62)

ASM,tt̄
FB (Mtt < 450GeV) = 0.040± 0.006 (1.63)

while the low mass asymmetry measurement is only about 1σ below the theoretical
value. The bins with a measured asymmetry below and above theSM predictions are
split by the cut at 450 GeV as shown on Fig. 1.4. Contrary to thetotal forward-
backward asymmetry, the enhancement at high invariant massis not observed by
D0 [39]. The excess on the total asymmetry is also confirmed inthe dileptonic channel

Figure 1.4: Forward-backward asymmetry as a function of theinvariant mass from
CDF [38].

(tt̄ rest frame with 5.1 fb−1) [40]:

AEXP,tt̄
FB = 0.42± 0.15(stat)± 0.05(syst) (1.64)

to be compared toASM,tt̄
FB = 0.06± 0.01 from QCD.
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At the LHC, CMS rather uses the charge asymmetry as defined by [41]

AC =
N+ −N−

N+ +N− (1.65)

whereN+ andN− are the numbers of events with positive or negative values of
|ηt| − |ηt̄| respectively. With 1.09fb−1, they observe

AEXP
C = −0.016± 0.030(stat)+0.010

−0.019(syst) (1.66)

consistently with the SM prediction

ASM
C = 0.0130± 0.0011. (1.67)

1.3.3 Spin correlations

Due to the V-A structure of the weak interaction, the directions of the decay prod-
ucts are correlated with the direction of the spin of the weakly decaying fermion, the
top quark in our case,

Γ↑
Γ

=
1 +Ai cos θ

2
,

Γ↓
Γ

=
1−Ai cos θ

2
, (1.68)

whereθ is the angle between the decay producti and the spin of the top quark, the
arrows denote the different projections of the top spin,Ai is the correlation coefficient
for the decay producti. Numerically,Al = Ad = 1, Au = Aν = −0.31 and
Ab = −0.41 [42, 43]. Leptons and down type quarks have a maximal spin analysing
power. However, light down type quarks can hardly be distinguished from light up
type quarks. Their correlation is then effectively smaller. Despite existing for all the
fermions, this correlation is destroyed by hadronization for all quarks but top quark. In
fact, the top is so heavy that it decays before hadronization. Consequently, the general
form of the normalized differentialtt̄ cross-section is given by

1

σ

dσ

d cos θ+d cos θ−
=

1

4
(1 + CAiAj cos θ+ cos θ− + b+Ai cos θ+ + b−Aj cos θ−) ,

(1.69)

whereθ+ (θ−) is the angle between the particlei (j) resulting from the top (antitop)
decay in the top (antitop) rest frame and some reference direction~a (~b). For dileptonic
events, the differential cross-section reduces to

1

σ

dσ

d cos θ+d cos θ−
=

1

4
(1 + C cos θ+ cos θ− + b+ cos θ+ + b− cos θ−) . (1.70)
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D0 measurement (5.4 fb−1) in the dileptonic channel from the differential distribu-
tion in the beam basis [44],~a = −~b = ~k1 where~k1 is the proton momentum in thett̄
rest frame,

C = −0.1± 0.45 (1.71)

is in agreement with the SM NLO predictionC = −0.777+0.042
−0.027 [45]. However, this

result is also in agreement with the no correlation hypothesis,C = 0. Last measure-
ment with the same data set but based on matrix element method,

C = −0.57± 0.31 (1.72)

excludes the no correlation hypothesis at 97.7% C.L.. In this case, the fraction of
events with no correlation and with a SM correlation (C = −0.777) is fitted. As a
consequence,C is assumed to vary only between the SM value and zero.

CDF also measured spin correlation intt̄ but in the helicity basis,i.e. ~a = −~b = ~p1
where~p1 is the top momentum in thett̄ rest frame. They obtain

C = 0.50± 0.60 (stat)± 0.16 (syst) (1.73)

in the semi-leptonic channel with 4.3 fb−1 (∼ 1000 events) [46]. With 15 fb−1, the
statistical error is expected to go down to 0.26.

1.3.4 Beyond tt̄

Same sign top pair production

Same sign top pair production can be probed in same sign dilepton events. More-
over, the events should have a large missing transverse energy and should contain b-
jets. Consequently, the background is quite low. The expected background is2.1±1.8

events at the Tevatron with 2 fb−1. The 3 events observed by CDF were used to con-
strain the coupling of light (≤300 GeV) flavor violating scalars to be at most of order
one [47]5. Despite the quite large cross-section (∼ 1 pb) of this model fortt+ t̄t̄, the
low acceptance (0.5%) strongly reduces the sensitivity.

Recently, CDF updated these results with a new data set of 6.1fb−1. Again, the
number of observed events (27) is in agreement with the expected background (28±
7.5).

5The model will be discussed in Sect. 3.2.2
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Dijets

If the new physics does not only affect the top sector, the dijets spectrum might
show deviation from the QCD prediction. In fact, the dijet invariant mass distribution
puts strong constraints on many models [48]. Moreover, CMS used dijet angular
distributions to constrain four-fermion operators [49]. However, a flavor structure is
needed to go from the dijet production to the top sector.
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Chapter2
A Theoretical determination of
the η − η′ mixing

Based on

Degrande, C. and Gerard, J. -M., "A theoretical determination of the eta-eta’
mixing", JHEP, vol. 05, p. 043, 0901.2860.

A vast literature on phenomenological descriptions of theη − η′ system was pub-
lished in the past ten years [50, 51]. Yet, theη − η′ mixing angle alone is more than
an effective parameter to be extracted from low energy data.Its peculiar value may
actually shed some light on the non-perturbative dynamics of the fundamental QCD
theory and in particular on the axialU(1) anomaly. Needless to recall here why the
subsequent parity (P) and time-reversal (T) violations constitute a major puzzle in the
Standard Model for electroweak and strong interactions (see, for example, [52]).

To link this axial anomaly with the observed mass spectrum for the pseudoscalar
meson nonet, alternative paths based on the chiral perturbation theory or the large

35
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number of colours limit were proposed. Among them, the chiral perturbation theory
at leading order inp2 and1/Nc is efficient once the typical 20% corrections expected
from the flavour symmetry breaking are duly acknowledged.

Within this rather simple framework, theη andη′ masses are functions of the mixing
angleθ. In particular, theη − η′ mass ratio is not fixed by the theory but can only
be optimized with respect to its experimental value forθ ≈ −27◦. However, the
corrections requisite to reproduce the measured value of this ratio raise the question
of the systematic expansion to adopt. It appears that including the next to leading
order in p2 in the largeNc limit is quite predictive and compatible with the data.
Consequently, this approach requires the1/Nc-suppressed one-loop contributions to
be small. In this chapter, we emphasize that the optimal value of theη − η′ mixing
angle at leading order turns out to consistently damp out thequadratically divergent
one-loop corrections to theη − η′ inverse propagator matrix and theη′ → ηππ decay
amplitude.

2.1 An effective theory at leading order in p2

and 1
Nc

If n quark flavours are massless, the fundamental Lagrangian of QCD displays a
globalU(n)L⊗U(n)R invariance. The symmetry is broken by the mass matrix of the
quarksm and is thus only approximate. However, it can be restored ifm is treated like
a spurion transforming asm→ gLmg

†
R. In the largeNc limit, Nc being the number of

colours, the effective Lagrangian which features this chiral symmetry at lowest order
in p2 reads [53]

L (p2,0) =
f2

8

[〈

∂µU∂
µU †〉+ r

〈

mU † + Um†〉] (2.1)

whereU is an-by-n unitary matrix transforming asU → gLUg
†
R. The determinant

of m is assumed to be real to ensure P and T invariance. In Eq.(2.1), the parameters
with dimensions of mass scale respectively as1

f ∝ N1/2
c , r ∝ N0

c . (2.2)

In the largeNc limit, U(n)L⊗U(n)R has to be spontaneously broken into the maximal
vectorial subgroupU(n)V if n ≥ 3 [54]. Consequently,U is a unitary field which

1One trace at the effective level corresponds to one-loop at the fundamental level which scales likeNc.
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can be expanded around its vacuum expectation value as a function of the Goldstone
bosons,

U = 1+ i
√
2
π

f
− π2

f2
+ O(

π3

f3
). (2.3)

In the case of three light flavours, the Goldstone bosons nonet can be written as

π =











π3 + 1√
3
η8 +

√

2
3η

0
√
2π+

√
2K+

√
2π− −π3 + 1√

3
η8 +

√

2
3η

0
√
2K0

√
2K− √

2K0 − 2√
3
η8 +

√

2
3η

0











(2.4)

and the masses of the pseudoscalars can be easily extracted oncem is diagonalized.
Working from now in the isospin limitmu = md = m̃, we obtain

m2
π = rm̃ (2.5)

m2
K =

r

2
(m̃+ms) (2.6)

and

m2
8−0 =

1

3

(

4m2
K −m2

π −2
√
2
(

m2
K −m2

π

)

−2
√
2
(

m2
K −m2

π

)

2m2
K +m2

π

)

(2.7)

with the octet-singlet flavour basis conventionally characterized by the amount of
strange/non-strange quarks in the meson wave function

η8 ∼ 1√
6

(

uū+ dd̄− 2ss̄
)

(2.8)

η0 ∼ 1√
3

(

uū+ dd̄+ ss̄
)

. (2.9)

At this level, the masses of the physical pseudoscalar fields

(

η

η′

)

=

(

cos θ − sin θ

sin θ cos θ

)(

η8

η0

)

(2.10)

are only functions of theπ andK ones and vanish in the chiral limit̃m = ms = 0.
However, the measured mass of theη′ around 1 GeV tells us that the axialU(1) is
broken by the dynamics of QCD itself [55]. In the limit of a large number of colours
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within chiral perturbation, this explicit breaking is implemented through the one and
only term [53]

L (p0,1/Nc) =
f2

8

m2
0

4Nc

〈

lnU − lnU †〉2 = −1

2
m2

0η
2
0 + O

(

π4
)

(2.11)

which is 1/Nc-suppressed butp0-enhanced with regard to the effective Lagrangian
(2.1). Accordingly, theη0 − η0 elementm2

00 of the mass matrix (2.7) is corrected by
the parameterm2

0 so that theη, η′ masses are not anymore fixed in terms of theπ and
K masses but are functions of the mixing angleθ, as displayed in Fig.2.1:

m2
η =

1

3

[

4m2
K −m2

π + 2
√
2
(

m2
K −m2

π

)

tan θ
]

(2.12)

m2
η′ =

1

3

[

4m2
K −m2

π − 2
√
2
(

m2
K −m2

π

)

cot θ
]

. (2.13)

The resulting relation between physical quantities definedat lowest order

tan2 θ =
m2

η − 1
3

(

4m2
K −m2

π

)

1
3 (4m

2
K −m2

π)−m2
η′

(|θ| = 11.4◦) (2.14)

is analogous to

tan2 θW =
m2

Z −m2
W

m2
W −m2

γ

(|θW | = 28.2◦) (2.15)

where the mixing angles have been obtained using the physical masses. In other
words, the Gell-Mann-Okubo (GMO) mass relationm2

88 = 1
3

(

4m2
K −m2

π

)

in the
η8−η0 mass matrix (2.7) plays here the role of the isospin mass relationm2

W3
= m2

W±

in theW3 −B0 mass matrix of the Standard Model for electroweak interactions. The
latter relation is known to be invariant under the unbroken custodialSU(2)V of the
Higgs potential; the former is invariant under the unbrokenvectorialSU(2)I⊗U(1)Y
since the quark mass matrixm in Eq.(2.1) transforms at most as a singlet and an octet
of SU(3)V . A breaking of the GMO relation form2

88 would requireO
(

p4, 0
)

terms
like

〈

mU †mU †〉 with m ⊗ m also transforming as a 27under the vectorial flavour
group.

Surprisingly, even with the additional parameterm2
0, the masses ofη andη′ cannot

be fitted simultaneously [56]. Taking awaym2
K from Eqs.(2.12-2.13), we easily obtain

m2
η −m2

π

m2
η′ −m2

π

= tan (2θth − θ) tan θ
(

tan 2θth ≡ −
√
2
)

≤ tan2 θth = 2−
√
3. (2.16)
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In the safem2
π → 0 limit, the resulting upper bound of0.27 for theη − η′ squared

mass ratio is clearly at variance with the corresponding experimental value of about
0.33.

mΗ

mΗ¢

mΗ¢

mΗ

1 GeV

mK

-45° 45°Θth ΘidΘph
Θ

mΠ

m H0- L

Figure 2.1: Theη andη′ masses as a function of their mixing angle from Eqs (2.12)
and (2.13). We choose to work withθ ∈

[

−π
4 , +

π
4

]

to avoid the renamingη →
η′, η′ → −η atθ = −π

4 . If mπ,K are fixed at their experimental values, the measured
η andη′ masses denoted by dots cannot simultaneously be reproducedat lowest order.

Mass corrections of about 20%, as requested by Eq.(2.16) to reproduce the observed
η − η′ spectrum, drastically change the absolute value of the mixing angle derived in
Eq.(2.14). In fact, the physical mass of theη and the octet massm88 turn out to be
numerically close, within a few percent. Therefore, any departure of lowest orderη
mass from its physical value is enough to produce a major modification of the angle
θ extracted with the help of Eq.(2.12), as illustrated in Fig.2.1. So, a determination
of the mixing angle at lowest order is sensible only if its value is stable with regard
to 1/Nc and chiral corrections. In this respect, any enlarged symmetry beyond the
custodial one is welcome to tame the quantum corrections. For example, a parity-
conserving localSU(3)L ⊗ SU(3)R extension of theSU(2)L ⊗ U(1)Y electroweak
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gauge symmetry [57] covers the custodialSU(2)V and would imply

tan θW = − 1√
3

(θW = −30◦) (2.17)

in pretty good agreement with the on-shell absolute value ofthe weak mixing angle
already introduced in Eq.(2.15).

In Eq.(2.1), the canonical kinetic term for theπ field has a globalSO(9) invari-
ance. Both the vectorialSU(3)-breaking in Eq.(2.1) and the axialU(1)-breaking in
Eq.(2.11) already violate this symmetry at the level of the terms quadratic in the me-
son fields. Yet, for particular values of the angleθ, remnants ofSO(9) may survive
at this level; they correspond to the two mass degeneracies displayed with dashes in
Fig.2.1:

• If θ = θid with

tan θid ≡ 1√
2

(θid = +35.3◦) , (2.18)

the physicalη′ ∼ 1√
2

(

uū+ dd̄
)

is degenerate in mass with the pions [58] while
η ∼ −ss̄. Note that the negative valueθid = −54.7◦ corresponding to the other
convention with thess̄ component singled out, namelyη ∼ 1√

2

(

uū+ dd̄
)

and

η′ ∼ +ss̄, is outside the interval
[

−π
4 , +

π
4

]

(see Fig.2.1). The ideal mixing
obtained from Eq.(2.7),i.e., for m2

0 = 0, is relevant for the vector meson mass
spectrum on which the axialU(1) anomaly has no effect, but totally unrealistic
for the pseudoscalar one.

• If θ = θph with

tan θph ≡ −1

2
√
2

(θph = −19.5◦) , (2.19)

the physicalη ∼ 1√
3

(

uū+ dd̄− ss̄
)

is degenerate in mass with the kaons while

η′ ∼ 1√
6

(

uū+ dd̄+ 2ss̄
)

. Here, this sensible value for the mixing angle has
been called phenomenological since it was extensively usedto study hadronic B
decays and, in particular, to explain the striking suppression ofB → Kη with
respect toB → Kη′ [59] if penguin diagrams dominate these processes [60].
It is also quite popular because the associated quark components are easy to
remember and to handle in a phenomenological quark-diagramdescription of
the decay amplitudes according to theirSU(3) properties.
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We have no simple mass degeneracy for the case ofθth already introduced in
Eq.(2.16) but note that the three angles of peculiar interest are related through

tan 2θth = tan (θph − θid) (θth = −27.4◦) (2.20)

with, quite incidentally,θth ≈ θW if the weak mixing angle turns out to be negative
as predicted by some unification theory.

With respect to possible enlarged symmetries covering the custodialSU(2)I ⊗
U(1)Y , we observe that the mass degeneraciesmη′ = mπ andmη = mK correspond
to the breaking patternsSO(9) → SO(4) ⊗ SO(4) andSO(9) → SO(3) ⊗ SO(5),
respectively. These patterns forθid and θph can be understood from the fact that
SO(9) group admitsSU(2)⊗ SU(2)⊗ Sp(4) or, equivalently,SO(4)⊗ SO(5) as a
maximal subgroup [61]. However, such enlarged symmetries are explicitly broken at
the level of the full effective theory expressed in terms of theU (π) field and thus ac-
cidental. Consequently, the finite value of theθid andθph mixing angles should not be
protected against (quadratically) divergent quantum corrections. The fact that the re-
lations (2.18) and (2.19) are not natural can easily be confirmed through the following
one-loop computation.

2.2 One-loop corrections to the η − η′ inverse
propagator matrix

The unification value (2.17) for the observable weak mixing angle θW can most
easily be derived by requiring the one-loop fermionic contribution to theZ−γ mixing
diagram to be finite [62]. In the same spirit, let us impose thecancellation of the
quadratically divergent one-loop corrections to theη − η′ mixing angleθ.

In order to compute these corrections, we need now to expandU up to the orderπ4,

U = 1+

∞
∑

k=1

ak

(

i
√
2
π

f

)k

. (2.21)

The parametera1 may be absorbed into the definition off while the even coefficients
are fixed by the unitarity condition [63]

a1 = 1, a2 =
1

2
, a3 = b, a4 = b− 1

8
, . . . (2.22)
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with b an arbitrary parameter. Forb = 1
6 , we recover the standard form

U = exp

(

i

√
2π

f

)

(2.23)

also suited for an octet of pseudoscalars (for a review, see [64]). But as shown in
ref. [65, 66], any other value of b gives rise to the same T matrix when all external
lines are put on the mass shell. Yet, one-loop corrections from the kinetic part of
the Lagrangian (2.1) induce in principle a momentum-dependentη − η′ mixing term
which thus has to be taken off-shell. Again by analogy with the scale dependent
Z0 − γ mixing induced at one-loop in the Standard Model, let us therefore introduce
the propagator formalism [67,68].

If we denote by−iAχ1χ2(p
2) with χ1, χ2 = η, η′ the one-loop contributions

to the corresponding two point functions, the inverse propagator matrixΣ can be
parametrized as follows

Σηη = (1 + Zη)
(

p2 −m2
η

)

+ δm2
η −Aηη

(

p2
)

Ση′η′ = (1 + Zη′)
(

p2 −m2
η′

)

+ δm2
η′ −Aη′η′

(

p2
)

(2.24)

Σηη′ = δm2
ηη′ −Aηη′

(

p2
)

.

The last relation in Eq.(2.24) takes into account the fact thatη andη′ are decoupled at
tree-level, but leaves open the possibility for the one-loop induced mixing to depend
onp2. Imposing the normalization of the kinetic part ofΣχiχi

to be canonical and the
physical massesmχi

to be the poles of the propagators, we identify

Zχi
= A′

χiχi
(m2

χi
) (2.25)

and

δm2
χi

= Aχiχi
(m2

χi
) (2.26)

where the prime denotes the derivative with respect top2. From a one-loop compu-
tation, we obtain the following quadratic dependences on the ultraviolet momentum
cut-offΛ:

Zη = 3 [(3− 20b) + (4b− 1) cos 2θ]
Λ2

(4πf)
2

Zη′ = 3 [(3− 20b)− (4b− 1) cos 2θ]
Λ2

(4πf)
2 (2.27)
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and

δ
(

m2
η +m2

η′

)

= −2
(

2m2
K +m2

π

) Λ2

(4πf)
2

δ
(

m2
ηm

2
η′

)

= −6m2
π

(

2m2
K −m2

π

) Λ2

(4πf)
2 (2.28)

with

Aηη′

(

p2
)

=

{

[

3(4b− 1)p2 + 2(1− 8b)m2
K + 2(2b− 1)m2

π

]

sin 2θ

+4
√
2(2b− 1)

(

m2
K −m2

π

)

cos 2θ

}

Λ2

(4πf)
2 . (2.29)

Here, the pseudoscalar massesmK,π and the mixing angleθ are parameters associated
with the lowest order Lagrangian defined by Eqs (2.1) and (2.11). In particular,m2

0

has been taken away with the help of the relation

m2
0 =

2

3

(

1− 2
√
2 cot 2θ

)

(

m2
K −m2

π

)

. (2.30)

In general, the one-loop quadratic divergences can be absorbed by a redefinition of
the parameters in theO

(

p2
)

Lagrangian. In fact, the corrections quadratic in the cut-
off can be identified with thed = 2 pole in dimensional regularization. Here, a full
cancellation of theO

(

p2, 1/Nc

)

divergent correction (2.29) to the mixing requires

tan 2θ
(

p2
)

=
4
√
2 (2b− 1)

(

m2
K −m2

π

)

3 (1− 4b) p2 + 2 (8b− 1)m2
K + 2 (1− 2b)m2

π

. (2.31)

Depending on the parameter b, the mixing angle defined in Eq.(2.31) is not a physical
quantity. The only way to get rid of the b-dependence is to choosep2 = 2m2

K . At
such a momentum consistently located between theη andη′ masses, Eq.(2.31) then
provides us with an effective mixing anglêθ defined at the QCD scalem2

0 :

tan 2θ̂
(

m2
0

)

=
−2

√
2
(

m2
K −m2

π

)

(2m2
K +m2

π)

(

θ̂ = −25.8◦
)

. (2.32)

We note that the same expression for an on-shell mixing angleθ can be obtained by
simply fixing b = 1

4 to cancel the momentum dependence in Eq.(2.29). This value of
the parameter b, which suggests the other significant form

U =
1+ iπ√

2f1− iπ√
2f

(2.33)
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only suited for a whole nonet of pseudoscalars [63], ensuresθ-independent wave-
function renormalizations,i.e., Zη = Zη′ in Eq.(2.27). As a consequence, the only
chiral invariant mass operator that would absorb any divergent η8 − η0 rotation at
O
(

p2, 1/Nc

)

is proportional to

f2

16
r
〈

mU † − Um†〉 〈lnU − lnU †〉 =
(

2m2
K +m2

π

)

η20

−2
√
2
(

m2
K −m2

π

)

η0η8 + O
(

π4
)

(2.34)

in full agreement with Eq.(2.28) and Eq.(2.32). So, the parity-conserving global
SU(3)L ⊗ SU(3)R plays here the role of the enlarged symmetry which covers the
custodialSU(2)I ⊗ U(1)Y . Eq.(2.34) actually tells us that the chiral symmetry of
the full effective theory selects in a natural way one negative value(θ̂) for theη − η′

mixing angle, without spoiling the GMO mass relation form2
88.

As already anticipated from the explicit breaking of the accidental symmetries
SO(4) ⊗ SO(4) or SO(3) ⊗ SO(5) at the level of terms quartic in the meson fields,
neitherθid nor θph are protected againstΛ2 quantum corrections. On the contrary,
Eq.(2.32) tells us that the angleθth which optimizes theη−η′ mass ratio at lowest or-
der might be natural in the safe limitm2

π → 0. In the fundamental theory (i.e., QCD),
the corresponding limitmu,d → 0 would, in principle, solve the so-called strong CP
problem. This rather intriguing link evidently calls for further investigations.

2.3 One-loop corrections to the η′ → ηππ de-
cay amplitude

For the purpose of computing ab-independent one-loop correction involving the
η − η′ mixing, let us now consider a physical process with on-shellη andη′ states.
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2.3.1 Tree-level amplitude

The tree-level amplitude for theη′ → ηππ decay reads

A (η′ → ηππ) =
1

f2

[

2
(

2
√
2 cos 2θ − sin 2θ

)

(

1

6
− b

)

(

m2
η +m2

η′ + 2m2
π

)

+8
(

2
√
2 cos 2θ − sin 2θ

)

(

b− 1

8

)

rm̃

+4
√
2
(

cos 2θ −
√
2 sin 2θ

)

(

b− 1

6

)

m2
0

]

(2.35)

wheremη, mη′ andmπ stand now for the physical masses since they come from the
momentum dependence induced by the kinetic term in (2.1). InEq.(2.35), the second
term proportional tor is due to the mass term in Eq.(2.1) and the third one arises
from the anomalous part given in Eq.(2.11). With the help of Eq.(2.30), we eventually
recover the well-known result that the tree-level amplitude

A (η′ → ηππ) =
m2

π

3f2

(

2
√
2 cos 2θ − sin 2θ

)

(2.36)

vanishes ifθ = θid and is by far too small to reproduce the measured decay width.

2.3.2 One-loop amplitude

The one-loop corrections to the processη′ → ηππ are associated with the diagrams
given in Fig.2.2.

Figure 2.2: One-loop topologies for theη′ → ηππ decay amplitude.

The first topology corresponds to the corrections of the inverse propagator given in
section 2.2. The second one involvesπ6 vertices and thus requires the introduction of
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the next two coefficients in the development (2.21), namely

a5 = c

a6 = c+
b2

2
− b

2
+

1

16
. (2.37)

As a result, theΛ2-correction to the decay amplitude is given by

δA (η′ → ηππ) = 4
m2

π

f2
cos3 2θ

[

(

tan 2θ +
√
2
)

(

tan2 2θ +
1

4
√
2
tan 2θ +

1

2

)

+
3

4

m2
π

m2
K −m2

π

(

tan 2θ +
1

2
√
2

)

tan2 2θ

]

Λ2

(4πf)
2 . (2.38)

This correction is independent ofb andc, as it should for any physical quantity, and
has been reproduced using the output of FeynRules [69] and Feynarts [70].

If we consider again the limitm2
π ≪ m2

K , we conclude from Eq.(2.38) that the
optimal valueθth given in Eq.(2.20) for theη − η′ mixing angle actually damps out
the quadratic dependence on the ultra-violet momentum cut-off Λ, as anticipated from
Eq.(2.32).

2.4 Concluding remarks

In the past, alternative ways to merge the large number of colours limit into the
chiral perturbation theory have been used to study theη− η′ system. In particular, the
combined expansion

p2 = O (δ) ,
1

Nc
= O (δ) (2.39)

advocated in ref. [71, 72] is quite standard nowadays. In this chapter, inspired by the
pseudoscalar mass spectrum, we rather follow the approach of ref. [73] where the
leading term in the1/Nc expansion is retained at each order inp2. At the effective
level, this implies the hierarchy

O
(

p0, 1/Nc

)

> O
(

p2, 0
)

> O
(

p4, 0
)

, (2.40)

namely

O
(

p2, 1/Nc

)

≪ O
(

p4, 0
)

(2.41)
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with the largeNc limit denoted by a zero as in Eqs.(2.1) and (2.11). It amountsto
remove the double trace term (2.34) as well as

〈

∂µUU
†〉 〈∂µU †U

〉

in the Lagrangian,
andto neglect the quadratic one-loop divergences which would renormalize them. The
η′ → ηππ decay amplitude and theη − η′ mass ratio are known to require sizeable
corrections beyond theO

(

p2, 0
)

approximation and can thus distinguish between the
two working hypothesis (2.39) and (2.41). In ref. [74] and ref. [56], theO

(

p2, 1/Nc

)

contributions were invoked for the decay amplitude and the mass ratio, respectively.
On the contrary, in ref. [75] and ref. [73] theO

(

p4, 0
)

contributions were favoured
for these physical quantities, respectively.

At O
(

p4, 0
)

, the full set of corrections allows us to naturally reproduce the ob-
servedη − η′ mass spectrum. They do not fix by themselves the value of the mixing
angleθ but imply a splitting among the pseudoscalar decay constants [73]. In partic-
ular, the measuredSU(3)-splitting betweenπ and K decay constants,

fK
fπ

≡ 1 + ǫ (2.42)

with ǫ = 0.22± 0.01 of the order of
(

m2
K −m2

π

)

/1GeV2, provides a rather interest-
ing link between our present work on theη− η′ mixing and the so-called two-mixing-
angle scheme high-lighted in ref. [50,51]. The equations

θ8 = θ − 2
√
2

3
ǫ

θ0 = θ +
2
√
2

3
ǫ (2.43)

relate the universal mixing angleθ which diagonalizes the octet-singlet mass matrix
(after renormalizing the meson fields) to theθ8,0 angles associated with the octet-
singlet decay constants

f8 =
(

1 +
ǫ

3

)

fK

f0 =
(

1− ǫ

3

)

fK . (2.44)

At O
(

p2, 0
)

, ǫ = 0 andθ8 = θ0 butθ cannot be determined. Yet, in this chapter, we
have explicitly checked that the mixing angle

θth ≡ −1

2
tan−1

√
2 ≈ −27◦ (2.45)

which optimizes theη−η′ mass spectrum at lowest order is protected against quadratic
one-loop divergences in the safem2

π → 0 limit. This result vindicates the approach
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based on Eq.(2.40) sinceθth is quite consistent with the physical mixing angle

θ ≈ − (22± 1)
◦ (2.46)

directly extracted from the anomalousJ/Ψ → η(η′)γ decays [73]. In fact, higher
order corrections are typically of the order of 20%, as nicely illustrated in Eq.(2.42).
In consequence,θ8 ≈ −34◦ andθ0 ≈ −10◦ within our specific momentum expansion
supplemented by a largeNc limit. However, any physical process only evaluated at
the lowest order in the chiral expansion should rely on Eq.(2.45) if it involves on-shell
or off-shellη (η′), as it is the case inη (η′) → γγ or inKL → (η, η′) → γγ decays,
respectively.



Chapter3
Effective theory for the top pair
productions

Based on

C. Degrande, J.-M. Gerard, C. Grojean, F. Maltoni, and G. Servant, "Non-resonant
New Physics in Top Pair Production at Hadron Colliders"’,JHEP, vol. 03, p. 125,

2011, 1010.6304.

C. Degrande, J.-M. Gerard, C. Grojean, F. Maltoni, and G. Servant, "An effective
approach to same sign top pair production at the LHC and the forward-backward

asymmetry at the Tevatron", 2011, 1104.1798.

Top quark physics is among the central physics topics at the Tevatron and at the LHC.
The top being the only quark with a coupling to the Higgs of order one, it is expected
to play a special role in electroweak symmetry breaking and as a result its coupling
to new physics could be large. Searching for beyond the SM physics in observables
involving the top quark is, therefore, strongly motivated.Moreover, the discrepancy
between the measured forward-backward asymmetry and its SMprediction tends to
confirm this theoretical presumption.

49
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A large effort has been devoted to search for new physics intt resonances [76–78].
While the current existing bounds do not forbid the existence of new degrees of free-
dom that are within the kinematical reach of the Tevatron andthe LHC, electroweak
precision data [79] together with constraints from flavor physics make plausible if not
likely that there exists a mass gap between the SM degrees of freedom and any new
physics threshold. In this case, the effects of new physics on a SM process like top pair
production can be well captured by higher dimensional interactions among the SM
particles. These new interactions are assumed to respect all the symmetries of the SM.
Here, we follow this low-energy effective field theory approach. Our study concen-
trates on testing non-resonanttop-philic new physics. The study of some dimension-
six operators ontt̄ production at the Tevatron was initiated in Refs. [80–84] and further
explored in Refs [85–89]. In addition, the effects of higherdimensional operators on
top anomalous couplings have already been discussed in Refs. [90–92].

In this chapter, we construct the effective Lagrangians forboth opposite and same
sign top pair productions. Our analysis aims at identifyingthe effects of the new
physics on top pair productions, so it ignores the operatorswhich affect the decay of
the top [90, 93, 94]. Secondly, we link the main classes of models and our effective
approach. The effects of the new physics on the Higgs-gluon-gluon vertex are then
computed. As a matter of fact, any modification of the interaction between the top
and the gluons might strongly affect the Higgs production atthe LHC since Higgs
production by gluon fusion is due to a top loop. Finally, we look at the most stringent
LEP constraints on our effective Lagrangian,i.e. the Z decay widths.

3.1 Effective Lagrangians

When working with an effective field theory, the starting point is to consider the under-
lying symmetries. Here, we assume that the symmetries of theSM, including baryon
number conservation, are unbroken by the new physics. The gauge invariant operators
of dimension-six built from the SM degrees of freedom were classified many years
ago in Ref. [95] and they have been reconsidered recently in Ref. [96]. We shall focus
our analysis ontop-philic new physics,i.e., new physics that manifests itself in the
top sector, as well-motivated in a large class of theories tobe discussed in Section 3.2.
The additional operators that affect top pair production without involving the top will
be mentioned briefly at the end of section 3.1.1.
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3.1.1 Dimension-six operators for opposite sign top pair
production

In this section, we consider the set of operators which affect tt̄ production at tree-
level by interference with the SM amplitudes. Both at the Tevatron and at the LHC,
the dominant SM amplitudes are those involving QCD in quark-antiquark annihilation
or gluon fusion. Therefore, we shall neglect all new interactions that could interfere
only with SM weak processes likeqq̄ → Z(γ) → tt̄. We are then left with only two
classes of dimension-six gauge-invariant operators [95]:

• operators with a top and an antitop and one or two gluons, namely

Ogt =
[

t̄Rγ
µTADνtR

]

GA
µν ,

OgQ =
[

Q̄Lγ
µTADνQL

]

GA
µν ,

Ohg =
[(

HQ̄L

)

σµνTAtR
]

GA
µν , (3.1)

whereQL = (tL, bL) denotes the left-handed weak doublet of the third quark
generation,tR is the right-handed top quark.

• four-fermion operators with a top and an antitop together with a pair of light
quark and antiquark that can be organized following their chiral structures:

L̄LL̄L:

O(8,1)
Qq =

(

Q̄Lγ
µTAQL

)(

q̄LγµT
AqL

)

,

O(8,3)
Qq =

(

Q̄Lγ
µTAσIQL

)(

q̄LγµT
AσIqL

)

, (3.2)

R̄RR̄R:

O(8)
tu =

(

t̄Rγ
µTAtR

)(

ūRγµT
AuR

)

,

O(8)
td =

(

t̄Rγ
µTAtR

)(

d̄RγµT
AdR

)

, (3.3)

L̄LR̄R:
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O(8)
Qu =

(

Q̄Lγ
µTAQL

)(

ūRγµT
AuR

)

,

O(8)
Qd =

(

Q̄Lγ
µTAQL

)(

d̄RγµT
AdR

)

,

O(8)
tq =

(

q̄Lγ
µTAqL

)(

t̄RγµT
AtR

)

, (3.4)

L̄RL̄R:

O(8)
d =

(

Q̄LT
AtR

)(

q̄LT
AdR

)

, (3.5)

whereqL anduR anddR are respectively the left- and right-handed components
of the two lightest generations.

Note that there also exist some color-singlet analogues of all these operators but they
do not interfere with the SM QCD amplitudes and therefore arenot considered here
(such operators can be generated by aZ ′ for example). All the four-fermion opera-
tors are written in the mass-eigenstates basis and no CKM mixing will enter in our
analysis since we are neglecting weak corrections. Note also that operators with a
different Lorentz or gauge structure, like for instance(Q̄Lγ

µTAqL)(q̄Lγ
µTAQL) or

(t̄Rγ
µTAuR)(ūRγµT

AtR), can be transformed (using Fierz identities, see App. A.1)
into linear combinations of the four-fermion operators listed above and their color-
singlet partners.

The L̄RL̄R operatorO(8)
d involves both the left- and the right-handed components

of the down quark . So, given the fact that QCD interactions are chirality-diagonal,
it can only interfere with the SM amplitude after a mass insertion and therefore its
contribution to thett̄ production cross-section is negligible and we shall not consider
it further in our analysis.

It is rather natural to assume the universality of new physics with respect to the
light generations. In that limit, the contribution to the cross-section from the second
generation is more than two orders of magnitude smaller thanthe one from the first
generation due to the different parton distribution functions (pdf). We shall therefore
concentrate on the contribution from the lightest generation only.

Our list (3.1)–(3.5) of top-philic operators contains eleven operators. However, they
are still not all independent. Using the equation of motion for the gluons,

DνGA
µν = gs

∑

f

q̄fγµT
Aqf , (3.6)
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we obtain the following two relations :

Ogt +O†
gt = −gs

∑

generations

(

O(8)
tq +O(8)

tu +O(8)
td

)

, (3.7)

OgQ +O†
gQ = −gs

∑

generations

(

O(8,1)
Qq +O(8)

Qu +O(8)
Qd

)

. (3.8)

The linear combinationsOgt−O†
gt andOgQ−O†

gQ do not interfere with the SM am-
plitudes because the associated vertices are CP-odd and we are not concerned about
CP violating observables (see Ref. [93] for a discussion on possible observables sen-
sitive to CP violation). Consequently, the two operatorsOgt andOgQ can be dropped
in our analysis and only one two-fermion operator, namelyOhg, interferes with the
SM gluon fusion process!

In conclusion, the most general top-philic Lagrangian thatcan affect thett̄ production
involves eight dimension-six operators

Ltt̄

(

Λ−2
)

=
1

Λ2

(

(chgOhg + h.c.) +
∑

i

ciOi

)

, (3.9)

wherei runs over the seven self-hermitian four-fermion operatorsof Eqs. (3.2)–(3.4).

In Eq. (3.9), the coefficientchg might be complex. However, since we are concerned
with CP-invariant observables, only its real part enters inthe interference with the
SM processes and therefore we shall assume in our analysis that chg is real. This
coefficient corresponds to a chromomagnetic moment for the top.

The phenomenological basis

In Eq. (3.9), we have identified eight independent top-philic operators. Yet, additional
simple considerations are going to show that physical observables like thett̄ pro-
duction total cross-section, the invariant mass distribution or the forward-backward
asymmetry only depends on specific linear combinations of these operators.

The seven four-fermion operators can be combined to form linear combinations with
definiteSU(2) isospin quantum numbers. In the isospin-0 sector, it is further conve-
nient to define axial and vector combinations of the light quarks:

ORv = O(8)
tu +O(8)

td +O(8)
tq , ORa = O(8)

tu +O(8)
td −O(8)

tq , (3.10)

and similar operators involving the left-handed top quarks:

OLv = O(8)
Qu +O(8)

Qd +O(8,1)
Qq , OLa = O(8)

Qu +O(8)
Qd −O(8,1)

Qq . (3.11)
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The reason is that the axial operators are asymmetric under the exchange of the quark
and antiquark while the vector operators are symmetric1:

[

ψ̄ (k1) γ
µγ5TAψ (k2)

]

= −
[

ψ̄c (k2) γ
µγ5TAψc (k1)

]

,

[

ψ̄ (k1) γ
µTAψ (k2)

]

=
[

ψ̄c (k2) γ
µTAψc (k1)

]

.
(3.12)

Therefore, the interferences ofORa andOLa with the SM will be odd under the
exchange of the momenta of the initial partons and these axial operators can only
contribute to observables that are odd functions of the scattering angle and certainly
not to the total cross-section. On the contrary, the operatorsORv andOLv are even
functions of the scattering angle and can contribute toσtt̄.

In addition, the operatorsORv andOLv will obviously produce the same amount of
top pairs but with opposite chirality. Consequently, the spin-independent observables
associated to thett̄ production are expected to only depend on the sumORv + OLv

while the differenceORv − OLv will only contribute to spin-dependent observables.
Similarly, but with a sign flip, only their difference,ORa − OLa, can contribute to
spin-independent observables and in particular to thett̄ differential cross-section after
summing over the spins. The orthogonal combinationORa + OLa could contribute
to spin-dependent observables which are odd functions of the scattering angle, but we
shall not consider any observable of this type in our analysis.

Therefore, we expect a dependence of the totaltt̄ production cross-section on the sum

cV v = cRv + cLv with

{

cRv = ctq/2 + (ctu + ctd)/4

cLv = c
(8,1)
Qq /2 + (cQu + cQd)/4

(3.13)

and the forward-backward asymmetry will depend on the combination

cAa = cRa − cLa with

{

cRa = −ctq/2 + (ctu + ctd)/4

cLa = −c(8,1)Qq /2 + (cQu + cQd)/4.
(3.14)

The difference

cAv = cRv − cLv (3.15)

can only contribute to spin-dependent observables (see Section 4.1.5).

The isospin-1 sector is spanned by the three combinations:

ORr = O(8)
tu −O(8)

td , OLr = O(8)
Qu −O(8)

Qd and O(8,3)
Qq . (3.16)

1The matricesCγµγ5 are antisymmetric but the matricesCγµ are symmetric,C being the charge
conjugation matrix.
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Again, parity arguments lead to the conclusion that the total cross-section can only
depend on the combination

c′V v = (ctu − ctd)/2 + (cQu − cQd)/2 + c
(8,3)
Qq , (3.17)

while the forward-backward asymmetry will only receive a contribution proportional
to

c′Aa = (ctu − ctd)/2− (cQu − cQd)/2 + c
(8,3)
Qq . (3.18)

As we shall see in Section 4.1.2, the isospin-0 sector gives anumerically larger con-
tribution to the observables we are considering than the isospin-1 sector. This is due
to the fact that the up and down quarks contributions add to each other in the first case
while they subtract to each other in the second case.

It is interesting to note that, in composite models where thestrong sector is usually
invariant under the weak-custodial symmetrySO(4) → SO(3) [97], the right-handed
up and down quarks certainly transform as a doublet of theSU(2)R symmetry, and
thereforecQu = cQd. There are however various ways to embed the right-handed top
quarks into aSO(4) representation [98]: if it is a singlet, thenctu = ctd also and the
isospin-1 sector reduces to the operatorO(8,3)

Qq only.

In summary, the relevant effective Lagrangian fortt̄ production contains a single two-
fermion operator and seven four-fermion operators conveniently written as:

Ltt̄ = +
1

Λ2

(

(chgOhg + h.c.) + (cRvORv + cRaORa + c′RrO′
Rr +R ↔ L)

+c
(8,3)
Qq O(8,3)

Qq

)

. (3.19)

The vertices arising from the dimension-six operators given in Eq. (3.19) relevant for
opposite sign top pair production at hadron colliders are depicted in Fig. 3.1.

t

t

−

g

g t

t

−

g

(a) Chromomagnetic operatorOhg

q

q
−

t

t

−

(b) Four-fermion operators

Figure 3.1:A Feynman representation of the relevant operators fortt̄ production at hadron
colliders.
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Non top-philic operators

As mentioned, we have only considered so far operators that modify the top inter-
actions. However, two additional operators can change thett̄ production. Namely,

OG = fABCG
A
µνG

B νρGC
ρ
µ (3.20)

modifies the three (and four) gluons vertex. All the quarks pair productions are iden-
tically affected by this operator. However, its contribution becomes sizeable only at
high energy. So, even if it can be seen in processes with much larger cross-sections,
they cannot necessary put stronger constraints on its coefficient. Moreover, this opera-
tor changes the jets production for various multiplicitiessince this operator also gives
rise to five and six gluons vertices. Its effects on opposite sign top pair production
were studied in Refs. [93,99–101]. The second operator [93],

OhG = H†HGA
µνG

Aµν , (3.21)

induces the production of a virtual Higgs by gluon fusion which then decay into two
top quarks. On the contrary, this operator affects only top pair production due to the
hierarchy of the Yukawa couplings.

3.1.2 Dimension-six operators for same sign top pair pro-
duction

At the LHC, the forward-backward asymmetry can hardly be measured. On the one
hand, the asymmetry, due to quark antiquark annihilation, is small since the dominant
process at the LHC is gluon fusion. On the other hand, the LHC is a symmetric
machine. Consequently, the asymmetry can only be measured on a statistical basis.
However, some explanations of the forward-backward asymmetry imply same sign
top pair production. The main advantage of this process at the LHC is that its initial
state, quark-quark, is more likely in proton-proton collisions.

Only four-fermion operators can induce same sign top pair production because it is
a ∆F = 2 process. As a consequence, it is possible to avoid (suppress) any new
physics contribution to this process with the help of (approximate) flavor symmetries.
Any operator contributing to same sign top pair production can be expressed as a linear
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combination of

ORR = [t̄Rγ
µuR] [t̄RγµuR]

O(1)
LL =

[

Q̄Lγ
µqL
] [

Q̄LγµqL
]

O(3)
LL =

[

Q̄Lγ
µσIqL

] [

Q̄Lγµσ
IqL
]

O(1)
LR =

[

Q̄Lγ
µqL
]

[t̄Rγµ uR]

O(8)
LR =

[

Q̄Lγ
µTAqL

] [

t̄Rγµ T
AuR

]

. (3.22)

The relevant effective Lagrangian is then given by

Lqq→tt
dim=6 =

1

Λ2

(

cRRORR + c
(1)
LLO

(1)
LL + c

(3)
LLO

(3)
LL + c

(1)
LRO

(1)
LR + c

(8)
LRO

(8)
LR

)

+h.c.. (3.23)

O(1)
LL andO(3)

LL contain the same product of neutral currents[t̄Lγ
µuL] [t̄LγµuL], which

are relevant foruu → tt. In addition, they contain
[

b̄Lγ
µdL

] [

b̄LγµdL
]

which can
contribute to theBd mixing and to di-jet production. For example, the linear combi-
nationcLL = c

(1)
LL + c

(3)
LL can be strongly constrained from the former [102]

|cLL|
(

1TeV
Λ

)2

< 2.3× 10−5. (3.24)

The difference between the twoLL operators in Eq. (3.23) is thus in the product of
charged currents[t̄LγµdL]

[

b̄LγµuL
]

present only inO(3)
LL and affecting the top decay

as well as single top production [93].

3.2 Connection with composite top and heavy
boson exchange models

3.2.1 Composite models

The effects of a composite top were first studied in Ref. [103]. The construction of
an effective Lagrangian for the fermionic sector was discussed in details in Ref. [98].
It relies on the assumption of partial compositeness, meaning that SM fermions are
assumed to be linearly coupled to the resonances of the strong sector through mass
mixing terms. The composite models are characterized by a new strong interaction
responsible for the breaking of the electroweak symmetry and broadly parametrized
by two parameters [104]: a dimensionless couplinggρ and a mass scalemρ. The latter,
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associated with the heavy physical states, was genericallydenotedΛ in Eqs. (3.9) and
(3.23). In order to alleviate the tension with EW precision data, we assume that in
the limit where all the gauge and Yukawa interactions of the SM are switched off,
the full Higgs doublet is an exact Goldstone boson living in theG/H coset space of
a spontaneously broken symmetry of the strong sector. In such a case,f , the decay
constant of the Goldstones, is related togρ andmρ by

mρ = gρf (3.25)

with 1 . gρ . 4π. The effective Lagrangian of the gauge and Higgs sectors was
constructed in Ref. [104].

At energies below the resonances masses, the dynamics of thetop sector is de-
scribed by the usual SM Lagrangian supplemented by a few higher dimensional op-
erators. Simple rules control the size of these different operators, referred as Naive
Dimensional Analysis (NDA) [105,106]. Inspired by the rather successful chiral per-
turbation approach to QCD at low scale (seen Chap. 2), NDA provides the following
rules for the effective operators beyondLSM :

1. first, multiply by an overall factorf2;

2. then, multiply by a factor1f for each strongly interacting field;

3. finally, multiply by powers ofmρ (instead ofΛ) to get the right dimension.

Hereafter, we may consider two classes of gauge-invariant operators for the top pair
production:

• Operators that contain only fields from the strong sector arecalled dominant
because their coefficients scale likeg2ρ. In most composite top models, only its
right component is composite to avoid experimental constraints (see Sect. 3.4).
In this case, there is only one such operator since the color octet equivalent is
related to the color singlet by a Fierz transformation (O(8)

R = 1/3OR),

OR =(t̄Rγ
µtR)(t̄RγµtR) . (3.26)

If only the left handed top is composite, there are two independent dominant
operators,

O(1)
L =

(

Q̄Lγ
µQL

)(

Q̄LγµQL

)

, O(8)
L =

(

Q̄Lγ
µTAQL

)(

Q̄LγµT
AQL

)

.

(3.27)
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In the most general scenario where both chiralities are composite, two additional
operators should also be considered,

O(1)
B =

(

Q̄LγµQL

)

(t̄RγµtR) , O(8)
B =

(

Q̄LγµT
AQL

)(

t̄RγµT
AtR

)

.

(3.28)

Needless to say that none of these operators contribute at tree-level tott̄ or tt
production. Yet they are relevant for direct production of four top-quarks (see
Section 4.3.1).

• Operators which contribute directly tott̄ andtt productions are subdominant.
On the one hand, the four-fermion operators given in Eqs. (3.19) and (3.23)
contain at most two fields from the strong sector and their coefficients (cR/Lv,

cR/La, cR/Lr andc(8,3)Qq ) scale likeg0ρ at best. On the other hand, the coeffi-
cient chg associated with the operatorOhg scales asg−1

ρ (if only one field is
composite),g0ρ (if only two fields are composite) orgρ (if the three fields are
composite)

In the limit gρ ∼ 4π, the one-loop contributions of the dominant operators (3.26)–
(3.28) to opposite sign top pair production may be as large asthe tree-level contri-
butions of the subdominant ones given in Section 3.1.1. However, the chiral struc-
ture of the dominant operators are such that their one-loop corrections (see Fig. 3.2 a
and 3.2 b) simply amount to redefining the coefficientscRv andcLv in the Lagrangian
(3.19) [107]:

δcRv

g2s
=

c
(8)
B − 4cR

3 (4π)
2 log

(

Λ2

m2
t

)

+
c
(8)
B

3 (4π)
2 log

(

Λ2

m2
b

)

δcLv

g2s
=

c
(8)
B − 4c

(1)
L + 8c

(8)
L /3

3 (4π)2
log

(

Λ2

m2
t

)

+
2c

(8)
L

3 (4π)2
log

(

Λ2

m2
b

)

(3.29)

wherecR, c(i)L andc(i)B are the coefficients of the operatorOR, O(i)
L andO(i)

B respec-
tively. The operator(t̄LtR) (t̄LtR) and(t̄RtL) (t̄RtL) would induce a modification of
chg at one-loop [107]. However,SU(2) gauge invariance requires to consider loop
corrections induced by a dimension-eight operator like

(

HQ̄t
) (

HQ̄t
)

with the Higgs
fieldH replaced by itsvev(see Fig. 3.2b).
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(L,R)
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Figure 3.2:Typical one-loop contributions of (a) the dimension-six operators (3.26)–(3.28)
leading toδcRv andδcLv respectively once the equation of motion (3.6) is used, and (b) the
dimension-eight operator

(

HQ̄t
) (

HQ̄t
)

leading toδchg if one chirality-flip is considered in
the loop.

3.2.2 s- and t-channel exchanges

In this section, we focus ons- andt-channel exchanges because they can induce
both same and opposite sign top pair productions. However,u-channel exchanges can
also be advocated to explain the Tevatron forward-backwardasymmetry [108–111].
While the exchanges of heavy vectors and scalars lead to four-fermion operators (see
for instanced Ref. [87]), they cannot contribute to the top chromomagnetic moment at
tree-level as a consequence ofSU(3)c gauge invariance (see Fig. 3.3a). Only higher-
dimension effective operators quadratic in the gluon field-strength can be induced in
this frame. For example, a heavy scalar or tensor induces at tree-level the operator
(

HQ̄t+ h.c.
)

GµνG
µν or

(

HQ̄t− h.c.
)

GµνG̃
µν (see Fig. 3.3b). So, the operator

Ohg can only be generated at the loop-level and is suppressed ins- andt- channel
exchange models.

In the following, we will consider model in which at least theup and top quarks
are coupled to the new degree of freedom. Adding the right-handed down quark is
irrelevant for same sign top pair production and is quite straightforward.
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Figure 3.3:One particle exchange contributions toLtt̄ in Eq. (3.19): (a) the five four-fermion
operators can be directly associated with the exchange of a spin-1 resonance once Fierz trans-
formations are used, (b) the single two-fermion operatorOhg can be indirectly associated with
the exchange of a spin-0 or spin-2 resonance coupled to two gluons via a fermion loop.

Link with a t-channel exchange

t-channel exchanges invoked to account for the Tevatron forward-backward asymme-
try might imply a large same sign top pair production at the LHC [112, 113]. In the
case of at-channel exchange, the currents and the densities have to beflavor changing
to generate top pair productions. The two possible currentsare

Jµ
R = t̄iRγ

µujR ×
(

δij/T
A
ij

)

(3.30)

and

Jµ
L = Q̄i,α

L γµqj,βR ×
(

δij/T
A
ij

)

×
(

δαβ/σ
I
αβ

)

. (3.31)

Similarly, we have two densities,i.e.

dR = t̄iRq
j
L ×

(

δij/T
A
ij

)

(3.32)

and

dL = Q̄i
Lu

j
R ×

(

δij/T
A
ij

)

. (3.33)

The color and the SU(2) structures have to be chosen accordingly to the quantum
number of the exchanged particle. Tab. 3.1 shows the coefficients of the operators of
Eq. (3.22) for any possible particle exchanged in thet-channel using the relations of
Sect. 1.2. If the new physics is in the reach of the LHC, the left coupling of all vectors
have to be very tiny to satisfy Eq. (3.24). In consequence, wewill assume thatgL = 0

for the vectors in the following.

While no relation exists in general between same and opposite sign top pair produc-
tion, in the special case of a flavor changingt-channel, each vertex can be replaced
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Spin SU(3) SU(2) Y cRR c
(1)
LL c

(3)
LL c

(1)
LR c

(8)
LR

1 1 1 0 − 1
2 − ξ2

2 −ξ

1 8 1 0 − 1
6 − ξ2

24 − ξ2

8 −ξ

0 1 2 1
2 − 1

6ξ −ξ

0 8 2 1
2 − 2

9ξ
1
6ξ

1 1 3 0 − ξ2

2

1 8 3 0 − 3
8ξ

2 5
24ξ

2

Table 3.1: Coefficients of the operators up to a global factorg2R for all possiblet-
channel exchanges (of massM = Λ) identified by their quantum numbers (Q =

T3 + Y ). ξ = gL
gR

with gL (gR) the coupling to the densitydL (dR) or to the current
Jµ
L (Jµ

R).

by its hermitian conjugate (see Fig. 3.4) if the exchanged particle is self-conjugate.
The connection with the coefficients of the operators relevant for tt̄ production in the
allowed cases are displayed in Tab. 3.2.

u

8, 1 Q = 0 8, 1 Q = 0

u

t

t

u

ū t̄

t

Figure 3.4: Possible connection between same and opposite sign top pair productions
through at-channel self-conjugate particle exchange.

Link with a s-channel exchange

The effects of any heavy qq-resonance relevant fortt production (listed in Ref. [114])
can be approximated by the four-fermion operators (3.22) atlow energy (see Tab. 3.3).
The associated current is

Jµ
1 = [ūcR]

iγµqjL × (SA
ij/A

A
ij) (3.34)
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Spin SU(2) Y cV v c′V v cAa c′Aa

1 1 0 − 1
2 −1 − 1

2 −1

0 2 1
2 − 1

2

(

|ξ|2 + 1
2

)

− 1
2

1
2

(

|ξ|2 + 1
2

)

1
2

Table 3.2: Expressions of the parameters relevant fortt̄ up to an overall factor|gR|2 for
a color singlet particle of massM = Λ exchanged in thet-channel. The coefficients
for the corresponding color octets are obtained by multiplying them all by− 1

6 .

whereSA andAA are respectively the symmetric sextet and anti-symmetric anti-

triplet representations ofSU(3)c normalized as tr
(

SASB†
)

= tr
(

AAAB†
)

=δAB/2.

The associated densities are given by

d1R = ūcRS
AuR (3.35)

and

d1L = q̄cLS
AεσIqL (3.36)

whereε = iσ2. Similar current and densities can be defined for the top. A color anti-
triplet scalar cannot contribute because its coupling is asymmetric under the exchange
of the two fermions. It should also be noted that only axial (vector) couplings con-
tribute to theuu → tt for the color sextet (anti-triplet) iso-doublet resonances. The
cases of scalar and vector sextets were treated in Refs. [115, 116]. In general, same
sign top pair production through ans-channel particle exchange cannot be related to
opposite sign top pair production because of color and electric charges (see Fig. 3.5).

Spin SU(3) SU(2) Y cRR c
(1)
LL c

(3)
LL c

(1)
LR c

(8)
LR

1 3̄ 2 5
6 − 1

6
1
2

1 6 2 5
6 − 1

3 − 1
2

0 6 1 4
3

1
4

0 6 3 1
3 − 3

8 − 1
8

Table 3.3: Coefficients of the operators up to a global factorg1g3 for all possible s-
channel exchange (of massM = Λ and with a couplingg1 (g3) to the first (third)
generation quarks) leading tott production identified by their quantum numbers.
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Figure 3.5: Diagrams for same and opposite sign top pair productions through an
s-channel particle exchange.

As already mentioned in Sec. 3.1.1, only color octets-channel exchange can interfere
with the SM amplitude. Moreover, since the interference with the only product of den-
sities (3.5) is suppressed by the light quarks mass, only vector exchanges remain. The
associated currents can be red directly from Eqs. (3.2) to (3.4). The straightforward
connections with the operators of Eqs. (3.3) to (3.4) is given in Tab. 3.4.

Spin SU(3) SU(2) Y c
(8)
tu c

(8)
tq c

(8)
Qu c

(8,1)
Qq c

(8,3)
Qq

1 8 1 0 gR3gR1 gR3gL1 gL3gR1 gL3gL1

1 8 3 0 gL3gL1

Table 3.4: Coefficients of the operators up to a global factor−1 for all possible s-
channel exchange (of massM = Λ and with a couplinggR1 (gR3) andgL1 (gL3)
to the right- and left-handed first (third) generation quarks respectively) leading tott̄
production identified by their quantum numbers.

3.3 Corrections to the Higgs production

3.3.1 The chromomagnetic operator

The chromomagnetic operatorOhg induces in addition to the vertices drawn in Fig. 3.1
similar vertices but with a Higgs leg added. The diagrams forHiggs production are
depicted in Fig. 3.6

As in the SM, the leading correction fromOhg leads to the operatorOhG. Since both
operators are of dimension-six, the one-loop amplitudes are logarithmically divergent.
In the large top mass limit, the SM and chromomagnetic one-loop contributions can
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Figure 3.6: Chromomagnetic operator contribution to Higgsproduction by gluon fu-
sion. In the first two diagrams, the two gluons can be interchanged. The amplitudes
of the last two diagrams vanish due to color conservation.

be written as

δchG
Λ2

=
αS

3π

1

v2

(

1 + 6
√
2
ℜ (chg)

gs

mtv

Λ2
log

(

Λ2
cut

m2

))

(3.37)

whereΛcut is the cut-off scale. TakingΛ = Λcut = 1 TeV,mt = 175 GeV,v = 246

GeV andgs = 1.2, we obtain

δchG ≈ αS

3π

1

v2
(1 + ℜ (chg)) . (3.38)

Consequently, the chromomagnetic operator can strongly enhance or suppress the
Higgs production rate at the LHC. If the Higgs is not seen,chg ≈ −1 may explain
its absence. It is thus important to probe this region of the parameter space.

3.3.2 Composite Higgs

In most of the composite top models, the Higgs is also assumedto be composite [117].
For a right-handed composite top, there are then two additional dominant operators
involving the top

OH = H†H
(

HQ̄3

)

PRt

OHR = H†DµHt̄γ
µPRt. (3.39)

In the case of a left-handed composite top, the additional dominant operators areOH

and

OHL = H†DµHQ̄γ
µPLQ

O3
HL = H†σIDµHQ̄σ

IγµPLQ. (3.40)
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When both chiralities are composite, all the above operators need to be included. How-
ever, it should be noted that the operatorOH is enhanced by a factorgρ in the latter
case.

For all the above operators, their one-loop contributions to Higgs production come
from the same diagram as in the SM.OH renormalizes both the top mass,

mt = yt
v√
2
+

ℜ (cH)

2
√
2

v3

Λ2
≡ y′t

v√
2

(3.41)

and the vertexhtt̄,

Lhtt̄ = t̄t
h√
2

(

yt +
3

2
ℜ (cH)

v2

Λ2

)

= t̄th
mt

v

(

1 +
ℜ (cH)√

2

v

mt

v2

Λ2

)

+ O

(

1

Λ4

)

. (3.42)

The SM amplitude for Higgs production by gluon fusion can then be multiplied by
this last factor to take the effect ofOH into account.

The operatorsOHR, OHL andO(3)
HL do not have any contribution to this process.

The vertexhtt̄ comes from the sum of those operators and of their hermitian conju-
gates2. The relevant part of the operators can thus be written as

∂µ
(

H†H
)

t̄γµPR,Lt ∝
(

H†H
)

∂µ
(Jµ ± Jµ

5 )

2
∝
(

H†H
)

∂µJ
µ
5 (3.43)

because the vectorial current is conserved. Their contributions to Higgs production
through the effective operatorH†HGµνG̃µν , generated by the anomaly, vanish due to
parity.

3.4 Z decay constraints

The operators introduced so far are not constrained at the tree-level by the precise LEP
measurements. In particular, they are not constrained by the oblique parameters since
they do not involve the electroweak bosons. However, four-fermion operators can
modify the Z couplings at one-loop. Since all relevant four-fermion operators can be

2This combination is invariant under custodial symmetry andcan thus not be constrained by theρ
parameter.
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written as a product of two currents, the amplitude of the diagram depicted in Fig. 3.7
can be written as

M = cigR/LJ
q
µǫν (q)

∫

d4k

(2π)
2Tr

[

iγνγ±
i

�k −m
iγµγ±

i

�k − �q −m

]

(3.44)

wheregR/L is the Z coupling to the right/left-handed top which should be chosen
accordingly to the first chirality projector in the integral. The second chirality projec-
tor comes from the top current in the considered operator. The amplitude for a color
octet current vanishes due to color conservation. If the twoprojectors are identical,

t
q

q̄

Z

Figure 3.7: One-loop correction to the Z couplings to the quark q from the four-
fermion operators.

the integral is

I1 = 2

∫

d4k

(2π)
2

kµ (k − q)
ν
+ kν (k − q)

µ − k (k − q) ηµν

(k2 −m2
t )
(

(k − q)
2 −m2

t

)

= 2

∫ 1

0

dx

∫

d4p

(2π)2
2pµpν − p2ηµν +

(

2qνqµ − ηµνq2
)

x(x− 1)

(p2 −∆)2

=
i

(4π)2

∫ 1

0

dx ln

(

Λ2
cut

∆

)

[

−2∆ηµν + 2
(

2qνqµ − ηµνq2
)

x(x − 1)
]

(3.45)

wherep = k − qx and∆ = m2
t + q2x(x− 1). In the last step, we have neglected the

finite terms. In the limitm2
t ≫ q2 = m2

Z ,

I1 =
i

(4π)2
ln

(

Λ2

m2
t

)[

−2m2
tη

µν − 2

3
qµqν

]

. (3.46)
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The term proportional toqν vanishes for on-shell Z boson after summing over the
polarizations. If the two projectors are different, the integral is

I2 =

∫

d4k

(2π)2
2m2

tη
µν

(k2 −m2
t )
(

(k − q)
2 −m2

t

)

=

∫ 1

0

dx

∫

d4p

(2π)
2

2m2
tη

µν

(p2 −∆)
2

=
i

(4π)
2

∫ 1

0

dx 2m2
t η

µν ln

(

Λ2

∆

)

(3.47)

Neglecting again the Z mass, we obtain

I2 =
i

(4π)
2 2m

2
tη

µν ln

(

Λ2
cut

m2
t

)

. (3.48)

TheZ → bb̄ is the most precisely measured branching ratio [9],i.e.

Br
(

Z → bb̄
)

= 15.12± 0.05%. (3.49)

At the end, only the operatorsO(1)
L andO(1)

B correct the bottom quark left coupling
through a top loop,

δtg
b
L = 2 (gR − gL)

[

2c
(1)
L − c

(1)
B

] m2
t

Λ2

1

(4π)
2 ln

Λ2
cut

m2
t

. (3.50)

ForΛ = Λcut = 1 TeV,

Br
(

Z → bb̄
)

≈ Br
(

Z → bb̄
)

SM
(1 + 0.003

[

2c
(1)
L − c

(1)
B

]

). (3.51)

Consequently,c(1)L andc(1)B should be at most of order one. TheZbb̄ couplings do
not receive contributions of the color octet operators due to a top loop. However, they
also modify theZbb̄ coupling when a bottom quark is in the loop. In this case, the
mass of the Z cannot be neglected anymore and will take more orless the place of the
top mass. Taking into account the color factor and the integration over the Feynman
parameter, we obtain

δbg
b
L =

8

27
gLc

(8)
L

m2
Z

Λ2

1

(4π)
2 ln

Λ2
cut

m2
Z

(3.52)

or with the same numerical values as above

Br
(

Z → bb̄
)

≈ Br
(

Z → bb̄
)

SM
(1 − 0.00012 c

(8)
L ). (3.53)

c
(8)
L can thus be easily as big as 25. The last operator,O(8)

B does not contribute because
its color singlet part is as a product of two densities. The corresponding integral is then
proportional toqν .
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The operators in Eqs. (3.2) to (3.4) do not modify the couplings of the Z to the
light quarks since they are color octets. However, both color octet and singlet can be
present in the case of a t-channel exchange for example. Nevertheless, the constraints
are weaker since the associated decay widths are less precisely measured [9] and the
coefficients of those operators are of order one rather than orderg2ρ.
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Chapter4
Phenomenology of top pair
productions

Based on

C. Degrande, J.-M. Gerard, C. Grojean, F. Maltoni, and G. Servant, "Non-resonant
New Physics in Top Pair Production at Hadron Colliders"’,JHEP, vol. 03, p. 125,

2011, 1010.6304.

C. Degrande, J.-M. Gerard, C. Grojean, F. Maltoni, and G. Servant, "An effective
approach to same sign top pair production at the LHC and the forward-backward

asymmetry at the Tevatron", 2011, 1104.1798.

Tevatron has brought top physics from discovery [7, 8] to precision era. In fact, the
D0 and CDF collaborations have already provided an impressive list of measurements

71
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of the top properties (see for example Ref. [118] for a recentreview). Tevatron data
have been intensively used to put constraints on new physicslike new resonances or
direct production of new states decaying into top quarks. Inthis chapter, we comple-
ment those studies by constraining the new operators of the effective Lagrangians of
Chap. 3. Only quark-antiquark annihilation can be probed atthe Tevatron because this
process is dominant in proton antiproton collisions. As a consequence, LHC opens the
access to an almost unexplored territory, namely top pair productions by gluon fusion.
Moreover, new processes like associated top pair productions might show up due to
the higher energy of the collisions.

In this chapter, we compute several key observables for opposite sign top quark pair
production. Those results together with both the Tevatron and the first LHC measure-
ments are used to constrain the parameter space of our effective approach. The New
Physics (NP) effects at the LHC are then analysed in the allowed region. Secondly, a
similar analysis is done for the so far unobserved same sign top pair production. In
particular, the production rate at the LHC, necessary to estimate the discovery poten-
tial, is given. Finally, the LHC signals for top pair production in association with two
top or bottom quarks as well as with a Higgs are investigated.

4.1 Opposite sign top pair production

4.1.1 Partonic differential cross-sections

As already mentioned, top pair production is calculated at the same order in1/Λ as
the Lagrangian in Eq. (3.19)

|M |2 = |MSM |2 + 2ℜ(MSMM
∗
NP ) + O

(

Λ−4
)

, (4.1)

whereMNP represents the matrix element of all the (new physics) dimension-six
operators introduced in Section 3.1. TheO

(

Λ−4
)

contributions can be divided into
to part :

• The interference of the SM with either dimension-eight operators or with dia-
gram with two effective vertices coming from dimension-sixoperators.

• The squared amplitude of all dimension-six operators, including non interfering
ones likeO(8)

d or color singlets.

From the Lagrangian in Eq. (3.19), the two parton-level cross-sections fortt̄ produc-
tion atO

(

Λ−2
)

follow from the Feynman diagrams depicted in Fig. A.1 and A.2of
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App. A.2. Their expressions are :

dσ

dt
(qq̄ → tt̄) =

dσSM

dt

(

1 +
cV v ± c′V v

2

g2s

s

Λ2

)

+
1

Λ2

αs

9s2

((

cAa ±
c′Aa

2

)

s(τ2 − τ1) + 4gschg
√
2vmt

)

(4.2)
dσ

dt
(gg → tt̄) =

dσSM

dt
+
√
2αsgs

vmt

s2
chg
Λ2

(

1

6τ1τ2
− 3

8

)

(4.3)

where the upper (lower) sign is for the up (down) quarks and

dσSM

dt
(qq̄ → tt̄) =

4πα2
s

9s2

(

τ21 + τ22 +
ρ

2

)

(4.4)

dσSM

dt
(gg → tt̄) =

πα2
s

s2

(

1

6τ1τ2
− 3

8

)

(ρ+ τ21 + τ22 − ρ2

4τ1τ2
) (4.5)

with τ1 =
m2

t − t

s
, τ2 =

m2
t − u

s
, ρ =

4m2
t

s
. (4.6)

The Mandelstam parametert is related, in thett̄ center-of-mass frame, to the angle
θ between the momenta of the incoming parton and the outgoing top quark by (β =
√

1− 4m2

s )

m2
t − t =

s

2
(1− β cos θ) . (4.7)

All the contributions to thett̄ differential cross-section but the one proportional to
cAa ± c′Aa

2 are invariant underθ → π − θ.

Similar results have already been derived in the literature. For instance, these cross-
sections were recently fully computed in Ref. [93] and consistent with our expressions
with the identifications given in Table 4.1. This non exhaustive table also gives the
correspondences with respect to some other recent works [86–88,119]. Note that the
contribution of the chromomagnetic operatorOhg was extensively discussed in the
literature [81–84] and recently revisited for both processes in Ref. [88,89].

As can be seen from Eqs. (4.5) and (4.3), the new physics and the SM contributions
for gluon fusion have a common factor. In fact, this common factor is what is mainly
responsible for the shape of the distributions of the SM. This is the reason why, as we
will stress again in the following, the operatorOhg can hardly be distinguished from
the SM in gluon fusion.
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Ref. [93] Ref. [86] Ref. [119] Ref. [87] Ref. [88]

chg 2CtG g1gs
1
2
C33

uGφ

cV v
1
4

(

C1
u + C2

u + C1
d + C2

d

)

−g2g
2
s
(∗) g2s

4
(κu

R + κd
R + κu

L + κd
L)

(∗) g2s
2
(C1 + C2)

cAa
1
4

(

C1
u − C2

u + C1
d − C2

d

) g2s
4
(κu

R + κd
R + κu

L + κd
L)

(∗) g2s
2
(C1 − C2)

c′V v
1
2

(

C1
u + C2

u − C1
d − C2

d

) g2s
2
(κu

R − κd
R + κu

L − κd
L)

(∗)

c′Aa
1
2

(

C1
u − C2

u − C1
d + C2

d

) g2s
2
(κu

R − κd
R + κu

L − κd
L)

(∗)

Table 4.1: Dictionary between our parameters and those usedin recent papers on the
subject. They all agree up to a sign for those that are labeledby a (∗). For Ref. [93],
C

(8,3)
qq = c

(8,3)
Qq . Blank entries mean that the corresponding operators were not consid-

ered.

Equation (4.2) shows that only two kinds of four-fermion operators actually contribute
to the differential cross-section after averaging over thefinal state spins:

• the first one is responsible for the even part in the scattering angle proportional
to cV v ± c′V v

2

t̄γµTAtq̄γµTAq (4.8)

where heret andq = u, d stand for the full 4-component Dirac spinor;

• the second one is responsible for the odd part in the scattering angle proportional
to cAa ± c′Aa

2

t̄γµγ5T
Atq̄γµγ5T

Aq. (4.9)

4.1.2 Total cross-section

LHC–Tevatron complementarity

Since the dependence oncAa andc′Aa vanishes after the integration over the kinemat-
ical variablet, the total cross-section only depends on the three parameters chg, cV v

andc′V v. Moreover, thett̄ production by gluon fusion only depends on the coefficient
of the operatorOhg. Our results fortt̄ production are obtained by the convolution
of the analytic differential cross-section of Eqs. (4.2) and (4.3) with the pdf (taking
CTEQ6L1 [120]). We have also implemented the new vertices inMadGraph [121]
and used them to validate our results. At leading order, we have



4.1. Opposite sign top pair production 75

— at the LHC (
√
s = 14 TeV):

σ (gg → tt̄) /pb = 466+146
−103 +

(

127+31
−23

)

chg

(

1 TeV
Λ

)2

, (4.10)

σ (qq̄ → tt̄) /pb = 72+16
−12 +

[(

15+2
−1

)

cV v +
(

17+3
−2

)

chg

+
(

1.32+0.12
−0.12

)

c′V v

]

(

1 TeV
Λ

)2

, (4.11)

σ (pp→ tt̄) /pb = 538+162
−115 +

[(

15+2
−1

)

cV v +
(

144+34
−25

)

chg

+
(

1.32+0.12
−0.12

)

c′V v

]

(

1 TeV
Λ

)2

. (4.12)

— at the LHC (
√
s = 7 TeV):

σ (pp→ tt̄) /pb = 94+22
−17 +

[(

4.5+0.7
−0.6

)

cV v +
(

25+7
−5

)

chg

+
(

0.48+0.068
−0.056

)

c′V v

]

(

1 TeV
Λ

)2

. (4.13)

— at the Tevatron (
√
s = 1.96 TeV):

σ (gg → tt̄) /pb = 0.35+0.20
−0.12 +

(

0.10+0.05
−0.03

)

chg

(

1 TeV
Λ

)2

, (4.14)

σ (qq̄ → tt̄) /pb = 5.80+2.21
−1.49 +

[(

0.87+0.23
−0.16

)

cV v +
(

1.34+0.42
−0.30

)

chg

+
(

0.31+0.08
−0.06

)

c′V v

]

(

1 TeV
Λ

)2

,

(4.15)

σ (pp→ tt̄) /pb = 6.15+2.41
−1.61 +

[(

0.87+0.23
−0.16

)

cV v +
(

1.44+0.47
−0.33

)

chg

+
(

0.31+0.08
−0.06

)

c′V v

]

(

1 TeV
Λ

)2

.

(4.16)

Numerically, the contribution from the isospin-1 sector (c′V v) is suppressed compared
to the contribution of the isospin-0 sector (cV v) and this suppression is more effective
at the LHC than at the Tevatron. This is due to the fact that, atTevatron, the top pair
production by up-quark annihilation is between5 and6 times bigger than by down-
quark annihilation. At the LHC, this ratio is reduced to 1.4 only. First, in a model
independent analysis, we shall neglect the contribution from the isospin-1 sector since
it is subdominant. They will be included in Sect. 4.1.6 for constraining the heavy
particle exchange models.
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The measurements of the total cross-section at the Tevatronand at the LHC are com-
plementary as shown in Fig. 4.1. As expected, the LHCpp → tt̄ total cross-section
strongly depends onchg. Consequently, it can be used to constrain directly the allowed
range forchg. On the contrary, the corresponding Tevatron cross-section depends on
bothchg andcV v and constrains thus a combination of these parameters.

-4 -2 0 2 4
-4

-2

0

2

4

chg´ H1TeV�LL2

c V
v

´
H1T

eV
�L
L2

0Σ0Σ 1Σ-1Σ 2Σ-2Σ

Figure 4.1: Region allowed by the Tevatron constraints (at 2σ) for c′V v = 0. The
green region is allowed by the total cross-section measurement. The blue region is
consistent with thett̄ invariant mass shape. The thin red lines show the limits set by
the LHC at 7 TeV. The thick red lines show the limits that can beset by the LHC at
14 TeV (thick line) as soon as the precision on the top pair cross-section reaches 10%.
The “0σ" line delimits the region where the new physics contributions are smaller
than the theoretical error on the SM cross-section. The dashed (µF = µR = mt

2 ),
dotted (µF = µR = 2mt) and solid lines (µF = µR = mt = 174.3 GeV) show the
estimated theoretical uncertainties.

In Fig. 4.1, we use the NLO+NLL predictions for the SM cross-section of Eqs. (1.56)
and (1.55) and combine the errors linearly. For the experimental values, we use the
CDF and CMS combinations of all channels given in Eqs. (1.52)and (1.53) respec-
tively and combine the errors quadratically. At 14 TeV, we assume that the observed
value is the central value of the NLO+NLL prediction [28],

σ14 TeV
th = 832+75

−78(scale)+28
−27(pdf) pb. (4.17)

with a experimental error of 10% since no measurement is available yet. Due to the
rather large uncertainties on the theoretical normalization, the region allowed by the
total cross-section measurement remains large. Even if theexperimental precision



4.1. Opposite sign top pair production 77

becomes very good, a rather large allowed region will remaindue to the theoretical
uncertainties. An improvement of the theoretical prediction for top pair production
in SM is necessary to reduce the allowed region. The theoretical uncertainties for
the new physics part are estimated by changing the factorisation scaleµF and the
renormalisation scaleµR. The errors from the pdf are not computed. The errors on
the exclusion regions at the LHC are not shown but are about 20% and are symmetric
(10% on each side of the allowed region). A summary the exclusion regions is shown
in Fig. 4.2.
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Figure 4.2: Summary plot (defining the exclusion region at2σ). The yellow region is
excluded by the Tevatron. The green region is excluded by LHCat 7 TeV.

The absence of a large deviation in the measurement of the cross-section at the Teva-
tron impliescV v ≈ −1.6 chg if the scale of new physics is rather low. From the
discussion at the end of the classification of Section 3.2.1,it would mean thatchg
and cV v are both of theO(g0ρ), indicating that either both chiralities of the top or
one chirality of the top and the Higgs boson are composite fields. Compared to the
SM prediction, this would give a maximum deviation of the order of 25% for thett̄
production cross-section at the LHC whenchg

(

1 TeV
Λ

)2 ∼ 2.

Domain of validity of the results

Our calculation is performed at orderO(Λ−2) as we keep only the interference term
between the dimension-six and the Standard Model and we neglect any contribution
suppressed by higher power ofΛ. The validity of our results is thus limited to values
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of new coupling parameters andΛ satisfying

σ|
O(Λ−2) & κ σ|

O(Λ−n) (4.18)

wheren > 2 andκ should be at least 2 in order to keep higher order the correction
below 50%. We have estimated the size of theO(Λ−4) contributions by computing
the squared amplitudes of each dimension-six operators with MadGraph and we find
at the LHC for 14 TeV:

σ|
O(Λ−4) ∼ σNP 2 =

(

22.5 c2hg + 3.7 c2V v

)

×
(

1 TeV
Λ

)4

pb (4.19)

and, at the Tevatron,

σ|
O(Λ−4) ∼ σNP 2 =

(

0.103 c2hg + 0.060 c2V v

)

×
(

1 TeV
Λ

)4

pb (4.20)

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. Neverthe-

less, outside this region, the effects of the new physics should remain more or less of
the same order excepted of course if there is some huge cancellation. Moreover, the
cross-section is expected to be harder and harder as operators of higher dimensions
are included in the effective Lagrangian. Ultimately some resonance threshold will
be reached, leading to a radically different cross-sectionthan the one predicted by the
Standard Model.

It was found in Ref. [122] that for the four-fermion operators, there areO(Λ−4) cor-
rections from non-interfering contributions that can be almost as large as theO(Λ−2)

interfering contributions at the LHC ifΛ ∼ 1 TeV. However, at the LHC, these four-
fermion operators give small contributions compared to thechromomagnetic opera-
tor. So we can conclude that including non-interfering four-fermion operators will not
change much our numerical analysis.

Finally, to have an idea on how heavy the particles associated with new physics should
be to allow an effective field theory treatment at the LHC, we compare in Fig. 4.3
the correction to the SM cross-section at the LHC due to aW ′ (whose coupling to
d and t quarks is 1) and the correction due to the corresponding effective operators
(CV v = −1/2, C′

V v = −1, Λ = MW ′ ). This plot shows that forMW ′ & 1.5

TeV the effective operators are a very good approximation (up to a few percents) at
the LHC, although this depends on the coupling. We will show in Fig. 4.7 that a
similar conclusion is reached at the Tevatron. Consequently, the resonance models
cannot be constrained in our effective approach since the exclusion regions in Fig. 4.2
correspond, for example, to a relatively light resonance (M . TeV) with a coupling
of order 1.
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Figure 4.3: Correction to the SM cross-section at the LHC dueto aW ′ and comparison
with the effective field theory approach.

Comments on the non top-philic operators

The non top-philic operators only affect gluon fusion. Consequently, their effects at
the Tevatron are very small,

δσ (pp→ tt̄) /pb= [0.019 cG − 0.0056chG]

(

1 TeV
Λ

)2

(4.21)

where the mass of the Higgs has been fixed at 180 GeV for the computation of the
chG coefficient. However, even at the LHC (14 TeV), their contributions remain rather
small,

δσ (pp→ tt̄) /pb= [38 cG − 8.8chG]

(

1 TeV
Λ

)2

. (4.22)

On the one hand, it is known that it is very hard to see the interference of QCD ampli-
tude with the Higgs boson at the LHC [78]. This contribution remains small even if we
increase by about an order of magnitude the gluon-gluon-Higgs vertex. On the other
hand, the interference between theOG operator and the SM is proportionalβ2m2

t

because the color octet vector part of the SM amplitude is of the orderβ2 [123]. Con-
sequently, its contribution vanishes at threshold and is not enhanced at high energy. On
the contrary, the amplitude squared of this operator is large because theβ suppression
disappears forOG and the cross-section grows likes. So quark pair production does
not seem to be the best place to look forOG. Those results have been obtained with
MadGraph 5 [124] forµR = µF = mt and using CTEQ6L1 pdf set [120]. The model
has been automatically generated from a FeynRules [125] model using UFO [126]
and ALOHA [127]. The FeynRules model has also been used to check the analytic
results with Ref. [93] in FeynArts/FormCalc [70,128].
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To sum up, the contributions of the non top-philic operatorsare numerically small.
Consequently, our analysis would not change drastically even if they would be in-
cluded.

4.1.3 tt̄ invariant-mass, pT and η distributions

It was shown in Ref. [86] that the operatorsOhg andORv can modify the invariant
mass distribution at the Tevatron without drastically affecting the total cross-section,
although no constraint was derived explicitly. We use in this section the latest CDF
data [30] to further constrain new physics. See also Ref. [119] for a similar study on
theL̄LL̄L andR̄RR̄R operators with the first data [29]. Since we have already used
the measured total cross-section to constrain the parameter space here we only employ
the shape information.

For the sake of simplicity, in our analysis we assume that themeasured valuesmi

are normally distributed around the corresponding theoretical predictionsti with a
standard deviationσi given by their errors. Errors coming from different sources
have been combined quadratically. We multiply by a common free coefficientζ the
theoretical prediction to get rid of the normalization constraint. In practice, we use the
best value forζ. The quantity

n
∑

i=1

(mi − ζti)
2

σ2
i

(4.23)

is then distributed as aχ2 with n− 1 degrees of freedom. The theoretical predictions
are obtained by integrating Eqs. (4.2) and (4.3) over the scattering angle. The explicit
formulas are given in App. A.3. The SM distribution is computed at the tree level and
normalized to the NLO+NLL result. The errors on the contribution of the operators
are estimated by changing the factorization and renormalization scales. We take into
account the bins between 350 GeV and 600 GeV (n = 13). We cannot use the full
distribution since our calculation only makes sense if|gNP | s

Λ2 ≪ 1. Somtt̄ . 1 TeV
if Λ ∼ 1 TeV. The boundmtt̄ < 600 GeV seems reasonable since, even in the region
|gNP |( 1 TeV

Λ )2 ∼ 4, the estimation of the1/Λ4 corrections from|MNP |2 are a bit
less than50% of the1/Λ2 corrections. For the next bins, these next order corrections
become too large.

In Fig. 4.1, we show the region consistent at 95% C.L. with thett̄ invariant mass
constraints reported in Ref. [30]. As expected, the invariant mass shape is sensitive
to a very different combination of the parameters than the total cross-section. The
interferences with the operatorsORv andOLv actually grow faster than the SM by a
factors, which is not the case forOhg. The shape depends thus strongly oncV v. The

Tevatron measurement already excludes the regioncV v

(

1 TeV
Λ

)2
& +2.
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The good constraints obtained with the invariant mass at theTevatron suggest to look
for similar effects at the LHC. However, at the LHC, the top pair is mainly produced
by gluon fusion and the contributions ofORv andOLv are much smaller than the
SM contribution. Moreover, the effect of these operators becomes important at high
energy where our expansion breaks down. OnlyOhg has an important contribution.
However, this contribution has a similar shape as that of theSM for reasons already
mentioned in Section 4.1.1 and confirmed by Fig. 4.4. The effects of the new operators
will be much harder to be seen in themtt̄ distribution but also in thepT andη at the
LHC, as shown in Fig. 4.4.
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Figure 4.4: On the left: normalized differential cross-sections of the SM, 1
σSM

dσSM

dX ,

and of the interferences of the SM withOhg and withORv andOLv, 1
σNP

dσNP

dX ,
as a function ofmtt̄, pT and η for the LHC at 14TeV. On the right: normalized
cross-section of the SM,1σSM
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dX , and of the SM and the interference with the new

physics, 1
σSM+σNP

dσSM+σNP

dX (for chg = 1, cV v = −2 andΛ = 1 TeV).
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4.1.4 Forward-backward asymmetry

As we saw in Sect. 1.3, the forward-backward asymmetry measured at the Tevatron is
well above its predicted value in the Standard Model. While athorough investigation
within the SM and in particular of the impact of the unknown higher order QCD
corrections would be certainly welcome, it is tempting to explain this discrepancy as
the effect of new physics in various models [87,108–110,119,129–136]. An attractive,
simple and model-independent alternative is to consider the low energy effective field
theory of Sect. 3.1. A first obvious observation is that no asymmetry can arise in
gluon fusion in which the initial state is symmetric. From Eq. (4.2), we see that the
asymmetry can only depend oncAa and c′Aa. Since their contribution is a purely
odd function of the scattering angleθ defined in Eq. (4.7), these coefficients are only
constrained by the asymmetry and not by the total cross-section nor the invariant mass
distribution. After integration with the pdf, we find in the lab frame

σ (cos θt > 0)− σ (cos θt < 0) =
(

0.235+0.067
−0.042 cAa

+0.088+0.024
−0.016 c

′
Aa

)

×
(

1 TeV
Λ

)2

pb

(4.24)

where again the errors are estimated by varying the factorization and renormalization
scales. Assuming that the total cross-section is given by Eq. (1.55), the corrections to
the SM asymmetry can be expressed as

δAlab
FB =

(

0.0342+0.016
−0.009 cAa + 0.0128+0.0064

−0.0036 c
′
Aa

)

×
(

1 TeV
Λ

)2

(Tevatron).

(4.25)

We see once again that the leading contribution comes from the isospin-0 operators.
The region of parameter space in the(cAa,Λ) plane that can explain theAFB for
c′Aa = 0 is shown in Fig. 4.5.

Since all the observables asymmetric in the scattering angle only depend on those two
parameters, a more precise determination of the parameters(shown on Fig. 4.5) can
be made from the measured asymmetry in the high invariant mass region (1.60). From
the effective Lagrangian (3.19), we obtain

δAtt̄
FB (Mtt ≥ 450GeV) =

(

0.087+10
−9 cAa + 0.032+4

−3c
′
Aa

)

(

1TeV
Λ

)2

(4.26)

δAtt̄
FB (Mtt < 450GeV) =

(

0.023+3
−1cAa + 0.0081+6

−4c
′
Aa

)

(

1TeV
Λ

)2

. (4.27)
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Figure 4.5: On the left, the region of parameter space that can explain theAFB mea-
surement at the Tevatron at oneσ for c′Aa = 0. On the right, the region of parameter
space that can explain theAFB(mtt̄ ≥ 450 GeV) measurement at the Tevatron at one
(dark green) and two (light green)σ for c′Aa = 0.

In our approach, the asymmetry increases with thett̄ center of mass energy consis-
tently with the CDF observations. Those corrections to the asymmetries have been
obtained using only the SM for the symmetric total cross-section above or below 450
GeV. The invariant mass distribution measurement, consistent with the SM prediction,
tells us that it is at least a reliable approximation. However, the other four-fermion op-
erators might slightly change this rise by modifying the invariant mass distribution.

As an illustration of the simplicity of such an approach, we consider the forward-
backward asymmetry at LHC. In this case the symmetry of thepp collision and the
dominance of thegg channel fortt̄ make it particularly challenging. A possibility is
to build the so-called central rapidity asymmetry

AC(yC) ≡
σt (|y| < yC)− σt̄ (|y| < yC)

σt (|y| < yC) + σt̄ (|y| < yC)
(lab frame) , (4.28)

whereyC is the rapidity cut defining the “centrality” of an event. ThevalueyC = 1

has been shown to be close to optimal in Ref. [33]. A straightforward calculation
using cAa

(

1 TeV
Λ

)2
= 2 as an extraction from the Tevatron data gives rise to very

small asymmetries,AC . 1%, at the LHC both at 14 TeV and 7 TeV. However, a
better option is to use the charge asymmetry as defined by CMS,

δAC =
(

0.0073+0.0030
−0.0022cAa + 0.0017+0.0007

−0.0004c
′
Aa

)

(

1TeV
Λ

)2

. (4.29)

The region allowed by CMS measurement (1.66) (Fig. 4.6) is still compatible with
the region allowed by the Tevatron. Nevertheless, CMS mightexclude in the near
future a deviation of the forward-backward asymmetry from the SM as large as the
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Figure 4.6: The region allowed by the CMS measurement [41] ofthe charge asymme-
try at one (dark green) and two (light green)σ for c′Aa = 0.

one required by CDF data at 95% C.L. forc′Aa = 0. c′Aa is much harder to constrain
at the LHC due to the small contribution from the isospin-1 operators.

It is instructive to link the simple analysis given above with models featuring an ax-
igluonA, i.e., a massive color octet gauge boson coupled to chiral fermionic currents.
These models do generate a forward-backward asymmetry due to the interference be-
tween the SM amplitude and that ofqq̄ → A → tt̄. If the scattering energies are
smaller than the mass of the axigluon, the interference terms exactly match the term
in Eq. (4.2) proportional tocAa. If the axigluon has a flavor-universal coupling to
fermions with a strength proportional to the QCD couplings,gs, as in Ref. [33], then
the relationcAa/Λ

2 = −2g2s/m
2
A (wheremA is the axigluon mass) obviously leads to

a negative asymmetry. To generate a positive asymmetry thatcould explain the Teva-
tron result, a flavor non-universal axigluon is needed. Moreprecisely, the coupling
of the axigluon to the third generation and to the light quarks should be of opposite
sign [132, 135, 137]:cAa/Λ

2 = −2gqAg
t
A/m

2
A is then positive and can potentially

explain the Tevatron data for a mass of the axigluon around 1.5 TeV provided that its
couplings are of the same order as the QCD coupling.1

In Fig. 4.7, we plot the prediction forAFB from an axigluon with couplinggs to
all fermions and the prediction obtained with the corresponding effective operator
(cAa = −2g2s , c′Aa = 0,Λ =MA). This shows that our effective field theory approach
is a good approximation at the Tevatron for massesMA & 1.5 TeV, comparably to the
LHC (see Fig. 4.3).

1It was noted [135] recently that concrete realizations of this axigluon idea [132] are endangered by data
on neutralBd-meson mixing.
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Figure 4.7:AFB prediction at the Tevatron due to an axigluon and comparisonwith
the effective field theory approach.

4.1.5 Spin correlations

We are here focusing on spin correlations which can provide further information on
the coupling structure of the production mechanism (for alternative approaches see
Ref. [138]). Spin correlations are good observables to disentangle the contributions
from the two operatorsORv andOLv since at high energyOR/Lv should produce
mainly right/left-handed top quarks and left/right-handed antitop quarks.

We assume that there is no modification of the top decay. In fact, there is only one
dimension-six operator affecting the W-top-bottom vertex,

(

HQ̄
)

σµνσI tW I
µν , which

however does not modify the maximal spin-correlation in theleptonic decays of the
top quark [93, 139, 140]. For this study, we chose the helicity basis2. There is a one-
to-one relation between the parametersC andb± and the helicity cross-sections,

C =
1

σ
(σ+− + σ−+ − σ++ − σ−−) , (4.30)

b+ =
1

σ
(σ+− − σ−+ + σ++ − σ−−) , (4.31)

b− =
1

σ
(σ+− − σ−+ − σ++ + σ−−) . (4.32)

The explicit formulas for the helicity cross-sections are given in App. A.3 and lead to
(neglecting the contributions from the isospin-1 sector):

2It was shown [42] that spin correlation effects in the SM are more important at the Tevatron in the beam
basis. However, it appears that the deviations from the SM values due to the operatorsOhg , ORv andOLv

are on the contrary smaller in the beam basis.
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from the SM prediction (C = −0.31, b = 0) [45].

C × σ/pb = 2.82+1.06
−0.72 +

[(

0.37+0.10
−0.08

)

chg +
(

0.50+0.13
−0.10

)

cV v

]

×
(

1 TeV
Λ

)2

,

(4.33)

b× σ/pb =
(

0.45+0.12
−0.09

)

cAv ×
(

1 TeV
Λ

)2

, (4.34)
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at the Tevatron, and

C × σ/pb = −166+52
−37 +

[(

−69+17
−13

)

chg +
(

11+1
−1

)

cV v

]

×
(

1 TeV
Λ

)2

, (4.35)

b× σ/pb =
(

10+1
−1

)

cAv ×
(

1 TeV
Λ

)2

, (4.36)

at the LHC. The parametersb± are exactly proportional to the differencecRv − cLv

and thus allow us to distinguish between right or left handedtop quarks. Additionally,
the parameterC quite strongly depends onchg andcV v and can be used to detect the
presence of new physics as shown in Fig. 4.8 for the Tevatron and the LHC respec-
tively. The errors on the contour lines are only of a few percents.

As expected, the parametersb = b+ = b− only differ slightly from zero at the LHC
where the contributions ofORv andOLv are small. A possible modification of the
spin distribution both at the Tevatron and the LHC is shown inFigs. 4.9. The non
vanishingb parameter is at the origin of the asymmetry of the distribution clearly
visible for the Tevatron. However, it will be quite difficultto measure spin correlation
with sufficient precision at the Tevatron where only a few hundreds of events are
expected and observed (Ref. [141] and Ref. [7] therein), while at the LHC we expect
about a few millions of events after 100 fb−1 [142, 143]. In fact, the error on theC
parameter are about 0.3 for 5.4 fb−1 at the Tevatron [144]3 and are mainly statistical
(see Sect. 1.3.3).

4.1.6 Bosons exchanges

As we saw in Sect. 3.2.2, the chromomagnetic operator cannotbe generated at the tree-
level by the exchange of a new boson. In this section, we assume thatchg ≈ 0. Con-
sequently, the cross-section and the invariant mass distribution as well as the forward-
backward asymmetry depend each on two parameters only even without neglecting
the isospin-1 operators. The allowed region are shown on Fig. 4.10 for both pairs of
parameters. The total cross-section and the invariant massconstraints have been de-
rived as in Sects. 4.1.2 and 4.1.3. The combination is done byassuming that the total
cross-section measurement also follows a gaussian distribution and is not correlated
with the invariant mass shape data. For the asymmetry above and below 450 GeV, we
use the predictions for the SM of Eqs. (1.62) and (1.63) and for the new physics of
Eqs. (4.26) and (4.27) respectively. We make again the hypothesis of uncorrelated
measurements with gaussian distributions.

3This measurement is done in the beam basis.
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Figure 4.9: Distribution of events at the Tevatron/LHC (toppanel/bottom panel) for
the SM (on the left) and forcRv = −2, cLv = 0, chg = 1 andΛ = 1 TeV (on the
right) with µF = µR = mt.

It can be seen from Tab. 3.2 that thet-channel models are already disfavored by the
Tevatron data due to the relation between the vector and axial coefficients (|cV v| =
|cAa| and |c′V v| = |c′Aa|). On the one hand, the agreement of the measured total
cross-section and themtt̄ distribution with the SM predictions requiresc(′)V v to be
small as shown on Fig. 4.10. On the other hand, the observed deviation for AFB [38]
implies thatc(′)Aa should be large. In fact, the color singlet vector [130] and the color
octet scalar are immediately ruled out since they give the wrong sign for AFB (see
Eq. (4.26)).
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−c′Aa which corresponds to the still allowed spin 0 case (see Table3.2). Only the dark
gray region can be obtained for at-channel scalar.

After combining all the constraints, we conclude that a color octet vector is also ex-
cluded while a small region, depicted in Fig. 4.10, remains for the case of a color
singlet scalar. This region disappears if we change the C.L.to 85%. This last case is
also constrained for low masses by the Tevatron search fortt production [47].

We note that when the interference between the new physics and the SM is neg-
ative, the new physics squared (NP2) can cancel the effect of the interference on
the total cross-section for large values of the coupling or for small masses. It was
shown [112, 113, 130] that the asymmetry can be explained with a rather light color
singlet vector only coupled to the right-handedu andt quarks. Of course, this region
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of the parameter space cannot be probed in our effective approach. However, the in-
variant mass distribution shape for a light state in thet-channel is also only marginally
consistent with the data (Ref. [145] suggests, though, thatthis problem could be al-
leviated thanks to a reduced acceptance rate of the top quarks in the forward region).
As a matter of fact, there is a large overlap between the allowed regions by the cross-
section4 and the forward-backward asymmetry above 450 GeV but not with the region
allowed by the shape of the invariant mass distribution as shown on Fig. 4.12. The dis-
tortion of the invariant mass shape due to a flavor violating vector explainingAFB is
also illustrated on Fig. 4.12.
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the right-handed top and up quarks by the total cross-sectionσ, the forward-backward
asymmetry above 450 GeV and the invariant mass forµR = µF = mt. On the right,
the normalized invariant mass distribution for different masses of the new vector at the
Tevatron. The 1σ region of the CDF measurement is shown in gray [30]. The cases
displayed on the right graph are represented by dots on the left graph.

For a color singlet scalar, the NP2 contribution to the asymmetry is negative and im-
plies thatδA (mtt̄ ≥ 450GeV) < 0.2. Moreover, the maximum for the forward-
backward asymmetry does not correspond to the region where the new physics contri-
butions to the total cross-section barely cancel each otheras illustrated on Fig. 4.13.
So, unfortunately, the only class of models linking same andopposite sign top pair
productions,i.e. a t-channel exchange, seems disfavored by the Tevatron data.

4The allowed region for small values ofgR is not displayed since the resulting asymmetry is either too
small or negative.
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Figure 4.13: For a color singlet scalar with a mass of 200 GeV,the cross-section (on
the left) and the forward-backward asymmetry above 450 GeV (on the right) at the
Tevatron forµR = µF = mt = 174.3 GeV.

4.2 Same Sign top pair production

At the partonic level, the leading order cross-section for same sign top pair production
is given by
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. (4.37)

The dominant contribution to this cross-section is due to the new physics amplitudes
squared because the one-loop SM process depicted in Fig. 4.14 is strongly suppressed
by the squares of theVub CKM matrix element and of the bottom quark mass. Lowest
order contributions are thusO

(

Λ−4
)

contrary to opposite sign top pair production for
which the largest corrections arise from theO

(

Λ−2
)

interference. After integration
overt, the cross-section grows likes as expected from dimensional analysis. In fact,
only the interference between theLR operators is proportional tom2

t , see Eq. (4.37),
and does not have this behavior. As a consequence, a large part of the total cross-
section at the LHC comes from the region wheremtt ∼ 1 TeV as shown on Fig. 4.15.
In this region, however, the1/Λ expansion cannot be trusted for values ofΛ around
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1 TeV we consider in our study. Figure 4.16 displays the cross-section with a upper
cut onmtt at Λ/3 as a function ofΛ for ci = 1, whereci is a generic label for the
coefficients in Eq. (3.23). This choice ensures that themtt distribution is at most about
20% below (above) its true value for ans- (t-) channel exchange. The general case can
easily be inferred since the coefficient dependences factorise in Eq. (4.37). At 14 TeV,
the cross-section increases by a factor 2 forΛ ∼ 2 TeV up to a factor 4 forΛ ∼ 14

TeV.

u d, s, b t

u d, s, b t

W W

Figure 4.14: SM contribution touu→ tt
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Figure 4.15: Normalized invariant mass distribution for same sign top pair production
at the LHC. The distribution can be trusted formtt ≪ Λ only. The interference
between the SM and the four-fermion operators as well as the SM for tt̄ production
are also displayed for comparison.

At the Tevatron, the same sign top pair production is small due to the PDF. Moreover,
their damping is such that themtt distribution is peaked instead below 500 GeV. The
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total cross-section is given by

σTev (pp̄→ tt+ t̄t̄) /fb = 2
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Assuming the same acceptance (0.5%) as in [47], we find thatci ∼ 1 are still allowed.
A very recent analysis based on operators in Eq. (3.22) givessimilar constraints [146].

Figure 4.15 shows that themtt shapes given by the different operators appear to be
quite similar. The maximal effect of the interference term corresponds approxima-
tively to the linear combinationO(1)

LR − 2O(8)
LR. As foreseen, the interference can only

give a sizeable effect for lowmtt since it does not grow withs. Again, there are no
significant changes at 14 TeV. The distribution is only stretched to the higher invariant
mass region.

In contrast with themtt distribution, the spin correlations provide in principle avery
efficient observable to discriminate among the contributions from the various oper-
ators in Eq. (3.22). The main reason is that the latter have a well defined chirality
structure and no interference with the Standard Model is possible. Let us define the
normalized differentialtt cross-section

1

σ

dσ

d cos θ1d cos θ2
=

1

4
[1 + C cos θ1 cos θ2 + b (cos θ1 + cos θ2)] , (4.39)
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whereθ1 (θ2) is the angle between the momentum in the top rest frame of the charged
lepton resulting from the first (second) top decay and the topmomentum in thett
rest frame. Then, theC andb parameters can directly be computed from the helicity
cross-sections, namely

C =
1

σ
(σ++ + σ−− − σ+− − σ−+)

b =
1

σ
(σ++ − σ−−) , (4.40)

where the first (second) index refers to the helicity of the first (second) top quark. For
ORR, C = 1 andb = 0.997. ForO(1)

LL andO(3)
LL, only the sign ofb changes. The

two remaining operators in Eq. (3.22) are characterized byC ≈ 1 andb ≈ 0. C and
b are here calculated on the full cross-section,i.e., without any cut onmtt. However,
C = 1 for ORR, O(1)

LL andO(3)
LL is independent of such a cut. As a result, such strong

spin correlations could be used to enhance the sensitivity to the signal and to identify
the possible contributing operators.

4.3 Associated top pair productions

4.3.1 tt̄bb̄ and tt̄tt̄ productions at the LHC

While tt̄ production appears as the leading process to probe any new physics in the
top sector, there are physical situations where the operators ofLtt̄ are parametrically
suppressed. As shown in Section 3.2.1, this is the case if thetop quark is not an
elementary particle but rather a composite bound state: thedominant operators are
the ones involving composite states only. Thett̄ process is still probing the dominant
operators but at the loop level only. In these situations, a much better probe of the
dominant dynamics (Eqs.(3.26) to (3.28)) is the direct production of four top quarks
or the production of two top and two bottom quarks [98].

The SM cross-section for 4-top production is rather small (of the order of 5 fb at
the LHC) and the operators of Eqs. (3.26)–(3.28) can easily give larger contributions.
Contrary to pair production, the smallness of the SM cross-section urges us to keep
the squared amplitude from new physics instead of the interference with the SM as
shown in Table 4.2. The two contributions are equal for0.2 . ci

(

1 TeV
Λ

)2
. 1 where

ci generically denotes the coefficient of the operatorOi. The range of this critical
value is due to the different operators. Thus, we are effectively computing the cross-
sections at the orderO(Λ−4) and we also neglect the interference between the SM
and any dimension-eight operators. This approximation is valid if the coefficients are
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large and cannot be used for the operatorO(1)
L andO(1)

B since their coefficients have
to be at most of order one (see Sect. 3.4). The associated cross-sections for both the
interferences and the squared amplitudes of the new operators are of the order of the
fb like the SM and would likely be too small to be observed.

σ4t σΛ−2

4t σΛ−4

4t σtt̄bb̄ σΛ−2

tt̄bb̄
σΛ−4

tt̄bb̄
σcut
tt̄bb̄

σcut
tt̄bb̄

/σ4t

(fb) (fb) (fb) (pb) (pb) (pb) (pb)

SM 5.26 - - 7.7 - - 0.306 58.2

O(1)
R - -20.8 574 - - - - -

O(1)
B - -11 193 - 0.2 3.89 2.38 12

O(8)
B - -4 47 - 0.9 0.9 0.52 11

O(1)
L - -37.2 569 - <0.03 15.49 9.35 16

O(8)
L - -0.9 63 - 0.49 3.5 2.09 33

Table 4.2: Thett̄tt̄ (µF = µR = 4mt) andtt̄bb̄ (µF = µR = 2mt) cross-sections
for Λ = 1 TeV andci = 4π. The interferences between the SM and the new physics,
given in the third and sixth columns, can be neglected. The squared amplitudes from
new physics are in the fourth, seventh and eighth columns. The new physics con-
tributions for a different scaleΛ and different couplingsci are simply obtained by
multiplying those last numbers by a factor(ci/(4π))

2 × (1 TeV/Λ)4.

The SMtt̄bb̄ production is not as suppressed as the 4-top production, so the same ap-
proximation would be a priori valid for smaller values of thescale of new physics only
(or for larger couplings). However, we can use the particular kinematics associated to
the new physics operators to improve our approximation. In fact, the new physics
squared amplitudes grow with the energy as shown in Fig. 4.17. Therefore thebb̄ pair
will be produced with a higher invariant mass in presence of new physics, and a cut on
thebb̄ invariant mass will suppress theO(Λ−2) terms compared to theO(Λ−4) ones.
Moreover, such a cut will also improve the ratio of the signalover the SM background
as shown on Fig. 4.18. Again the two operatorsO(1)

L andO(1)
B , can only give small

(10-30%) corrections to the SM process. Those corrections are relatively as large as
the corrections from the operators in Eq.(3.19) tott̄ production but will be harder to
see since the cross-section is a few orders of magnitude smaller. The interference and

the amplitude squared forO(8)
B are more or less the same forc

(8)
B

Λ2 = 4π TeV−2. How-
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Figure 4.17: Normalized cross-sections at the LHC for thett̄bb̄ production as a func-
tion of thebb̄ invariant-mass. Since we neglected the interference termsbetween the
SM and the new physics contribution, the distributions are independent of the new
physics scale and of the actual couplings in front of the dimension-6 operators.

ever, there are no constraint at all from the Z decay widths. Consequently, only larger
values of its coefficient for which our approximations are valid can be tested.
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σSM
is the double ratio of the signal (contribution from new

operators) over the background (contribution of the SM) with and without the cut on
the bb̄ invariant mass. In our approximations,R is independent of the new physics
scale and of the actual couplings in front of the dimension-6operators.
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For bothtt̄tt̄ andtt̄bb̄ productions, the operators defined in Eqs. (3.26)–(3.28) give
cross-sections of the same order of magnitude (see Table 4.2) and it is not possible to
distinguish them just by a measurement of one of the two totalcross-sections. Fur-
thermore, as Fig. 4.17 suggests, they also generate similardistributions for all the
spin-independent variables. However, the ratio of the two cross-sections appears to
be very different for the three still allowed operators and is also independent of the
new physics scale and of the actual couplings in front of the dimension-six operators
provided that the interferences with the SM can be safely neglected. A detailed study
of four-top production at the LHC will be presented in Ref. [147] (see Ref. [148] for
a preview).

4.3.2 tt̄ production in association with a Higgs

As we have already mentioned, the chromomagnetic operator also modifies the Higgs
boson interactions with the top and the gluons. Top pair production in association with
a Higgs might thus provide further constraints on it coefficient. The diagrams can be
easily obtained from those of Fig. A.1 by adding a Higgs leg attached to the top line
or to the effective vertex as illustrated on Fig. 4.19. In this last case, the diagrams
contain only one chirality flip such that no other chirality flip is needed to interfere
with the SM amplitude. On the contrary, there are two chirality flips by diagram in
the former case. So, one mass insertion is required to interfere with the SM amplitude
in this case. Contrary to opposite sign top pair production,the interference might thus
have a different behavior than the SM at high energy since proportionality to the top
mass and to the Higgs vev can be avoided for some of the diagrams.

L

L

R

R

L

R
L

L

L

R

R

(a) (b) (c)

Figure 4.19: Examples of diagrams fortt̄h production from the SM (a) and from the
chromomagnetic operator (b) and (c).
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The total cross-section at the LHC (14 TeV) is given by

σ (pp→ tt̄h) /fb = 604+192
−152+482+124

−115chg

(

1 TeV
Λ

)2

+520+140
−101c

2
hg

(

1 TeV
Λ

)4

(4.41)

for mh = 120 GeV. The cross-section for different values of Higgs mass isdisplayed
on Fig. 4.20. The other operators have not been included since they cannot modify
the main process,i.e. gluon fusion. Since this process requires more energy, boththe
interference and the NP2 terms are of the same magnitude forchg

Λ2 & 1 TeV−2. For
consistency,chg

Λ2 < 1
2 TeV−2 at least. The same factorization and renormalization

scales as for opposite sign top pair production have been used since we have only
considered a light Higgs boson. The cross-section would decrease if higher values
taking into account the Higgs mass are chosen.
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Figure 4.20: Cross-sections forpp → tt̄h as a function of the Higgs mass using
CTEQ6l1 pdf set andµR = µF = mt = 174.3 GeV for the SM and for the SM and
the interference with the chromomagnetic operator.

The total transverse energy as well as the invariant mass distribution of the Higgs and
the top are displayed on Fig. 4.21. The shape of the NP2 is also shown for comparison.
The NP2 part is clearly stretched to high energy while the interference and the SM have
a very similar behavior. Consequently, the interference with the diagrams in which
the Higgs is connected at the effective vertex are suppressed. These results have been
obtained with MadGraph 5 [124] similarly as for the non top-philic operators.
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Figure 4.21: Normalized distributions of the total transverse energyHT and the top-
Higgs invariant massmth using CTEQ6l1 pdf set andµR = µF = mt = 174.3 GeV
for the SM, its interference with the chromomagnetic operator and the squared of the
amplitudes with one effective vertex.

4.4 Summary

In theories that provide a mechanism for mass generation, new physics must have a
large coupling to the top quark. It is, therefore, natural touse top quark observables to
test the mechanism responsible for electroweak symmetry breaking. We have shown
how non-resonant top-philic new physics can be probed usingmeasurements in top
quark pair productions at hadron colliders.

Some of our results have already appeared in the literature,although only subsets
of dimension-six operators were considered. For instance,there is an extensive lit-
erature [81–84, 88, 89] on the operatorOhg, the chromomagnetic dipole moment of
the top quark, while other works focused on the effect of additional four-fermion op-
erators on top pair production at the Tevatron [85–87, 119].Recently, all relevant
operators were properly accounted for in Ref. [93] which, however, did not cover the
corresponding phenomenological analysis. In our work, theaim is to provide a com-
plete and self-consistent treatment in a model-independent approach and, especially,
to extract the physics by combining information from the Tevatron and the LHC.

The analysis of opposite sign top pair production can be performed in terms of eight
operators, suppressed by the square of the new physics energy scaleΛ. Observables
depend on different combinations of only four main parameters
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σ(gg → tt̄), dσ(gg → tt̄)/dt ↔ chg

σ(qq̄ → tt̄) ↔ chg, cV v

dσ(qq̄ → tt̄)/dmtt ↔ chg, cV v

AFB ↔ cAa

spin correlations ↔ chg, cV v, cAv

wherechg is the parameter associated with the chromomagnetic dipolemoment op-
erator andcV v, cAa andcAv correspond to particular combinations of four-fermion
operators defined in Section 3.1.1. Let us summarize our mainresults on these ob-
servables.

1. Since top pairs are mainly produced by gluon fusion at the LHC, the measure-
ment of thett̄ cross-section at the LHC determines the allowed range forchg.
In contrast, the Tevatron cross-section is also sensitive to the four-fermion op-
erators and constrains a combination ofchg andcV v. Consequently, the mea-
surements of the total cross-sections at the Tevatron and atthe LHC are comple-
mentary and combining the two pins down the allowed region inthe(chg, cV v)

plane.

2. The shape of the invariant mass distribution at the Tevatron is sensitive to a com-
bination of the parameterscV v andchg which is different from the combination
controlling the total cross-section. It quite strongly depends on the presence
of four-fermion operators and was used to further reduce theparameter space
mainly along thecV v direction.

3. The forward-backward asymmetry that probes different operators than those
affecting the cross-section or the invariant mass distribution could be the first
sign of new physics at the Tevatron. The scale of the new interaction(s) can then
be estimated from the value predicted by our effective Lagrangian approach if a
deviation from the SM is confirmed.

4. The three observablesσ, dσ/dmtt̄ andAFB are unable to disentangle between
theories coupled mainly to right- or left-handed top quark.However, spin cor-
relations allow us to determine which chiralities of the topquark couple to new
physics, and in the case of composite models, whether one or two chiralities of
the top quark are composite.
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For heavy particle exchange models, theOhg operator can only be generated at the
loop-level andchg is then expected to be small. Assumingchg = 0, the allowed re-
gions for the four-fermion operators show that thet-channel scenarii are disfavored
by the Tevatron data. The relation between opposite and samesign top pair produc-
tions can then not directly be used to fix the production rate of the latter at the LHC.
However, other production mechanisms can lead tott production. Only five indepen-
dent effective operators of dimension-six contribute to this process. Among them two
operators are already severely constrained by flavor data and cannot play any role in
processes at the TeV scales. The cross-sections can be of theorder of a pb both at 7
TeV and at 14 TeV if the scale of the new physics is about 2 TeV. LHC searches in the
same-sign dilepton channel will be probing these cross-sections this year. It makes
this channel particularly competitive to search for new physics in the top sector (see
also [149] for probing like-sign top production using single lepton events). The strong
spin correlations can, in principle, be used to distinguishthe different operators. Con-
trary to flavor experiment, the LHC has definitely the potential to directly constrain
those∆F = 2 operators.

In composite models, the ratio ofcV v andchg is very important since it reflects the
number of composite fields in the SM. However, the peculiar hierarchy between dom-
inant and subdominant operators cannot be tested intt̄ or tt productions that depend
on one class of operators only. Fortunately, composite models can be further tested
through the golden four-top channel andtt̄bb̄ production at the LHC. Both processes
are necessary to identify the dominant operators and thus toextract their coefficients.
The hierarchy between the operators can be tested and used toestimate the strength
of the new strong interaction,gρ. We stress that the results for top pair productions
are generic while those fortt̄tt̄ andtt̄bb̄ productions require the enhancement due to a
new strong interaction. These two processes would disappear in the SM background
if they are not enhanced by a factorg2ρ. Such an enhancement is already forbidden by
the Z decay constraints for two of the five dominant operators.

Finally, the chromomagnetic operator can induce significant deviation for Higgs and
tt̄h productions by gluon fusion. Those processes are sensitiveto a higher energy
domain and can thus put stronger constraints onchg. However, they will again be
mainly limited by the errors on the overall normalisation ofthe processes since no
significant shape distortions are expected.
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Conclusion

The largest part of this thesis (Chaps. 3 and 4) was devoted tothe study of beyond
the Standard Model top physics with the help of effective field theories. The SM La-
grangian is then the lowest order term of the expansion in themomenta of the process
over the mass of the heavy new statesp2

Λ2 . The scaleΛ should not be too large to
observed the deviations from the SM. Namely, the new physicscontributions should
be bigger than the expected experimental and theoretical errors,i.e. about 10-15% for
tt̄ production at hadron colliders. As a consequence, the errors due to the truncation
of the effective Lagrangian at theO

(

Λ−2
)

are not very small. The reliability of our
predictions was checked by a partial evaluation of theO

(

Λ−4
)

corrections. Numeri-
cally, they are estimated to be smaller than 25% of the new physics contributions for
Λ = 1 TeV (andci = 1). The comparison between the exact computation based on
the exchanges of heavy particles and the result from the corresponding effective theory
shows that the corrections might slightly be underestimated. A complete computation
of theO

(

Λ−4
)

corrections is quite complicated, but the effective theoryfor the light

103
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pseudoscalar mesons of Chap. 2 tells us that effective theories are still meaningful
even if the expansion parameter is rather large. In fact, thecorrections to this effective
theory from the next order inp2 are expected to be of about 20%∼ p2

1GeV2 . Taking this
into account, the predictions from the effective Lagrangian at leading order inp2 and
in 1/Nc agree with the experimental data. In particular, the tree-levelη − η′ mixing
angleθ ∼= −27◦, stable against quadratic quantum corrections, is about 20% below
the valueθ = −22◦ extracted from the radiative J/ψ decay.

The effective theory for opposite sign top pair production put forward many dif-
ferences between the two dominant mechanisms. First, sevenfour-fermion and one
two-fermion operators affect quark annihilation while only one top-philic operator, the
chromomagnetic operator, contributes to gluon fusion atO

(

Λ−2
)

. Secondly, the in-
terference between the dimension-six operators and the SM is expected to grow faster
with the energy than the pure SM contribution sincep2

Λ2 ∼ s
Λ2 . As a matter of fact,

the contributions to the cross-section from the four-fermion operators have an extra
factor s compared to the SM. Since the center of mass energy is, in average, larger
at the LHC than at the Tevatron, the ratio of the four-fermionoperators and the SM
contributions toqq̄ → tt̄ is bigger at the LHC. On the contrary, the contribution of
the chromomagnetic operator is helicity suppressed and hasno extras factor. As a
consequence, the ratio of its contribution and the SM one togg → tt̄ is roughly the
same at both colliders despite that the difference of the averaged center of mass en-
ergy for a two gluons initial state is larger than for quark antiquark. Consequently, the
sensitivity to the chromomagnetic operator is quite low at the LHC. Even if we relax
our assumption of top-philic new physics, the conclusion for gluon fusion remains the
same at this order inΛ. Finally, the shape distortions, important to distinguishthe new
physics and the SM, are mainly caused by the four-fermion operators. The invariant
mass distribution, the angular distribution and, in particular, the forward-backward
asymmetry and the spin correlations are all affected by those operators. On the con-
trary again, the chromomagnetic operator significantly modifies the spin correlations
only in addition to the cross-section.

The search for new physics with effective field theories werealso extended beyond
tt̄ production. For example, we attempted to overcome the suppression of the chro-
momagnetic operator by looking rather at the top pair production in association with
a Higgs boson. Unfortunately, there are also no sizeable enhancement of the cross-
section with the energy for this process atO

(

Λ−2
)

. Nevertheless, the larger energy
required by this final state still allows us to probe higher values ofΛ. Furthermore,
the effects of the chromomagnetic operator on Higgs production by gluon fusion was
shown to be quite large compared with the SM. Four top quarks production was also
studied in this thesis. If the new physics is strongly interacting like in composite
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models, this process has been shown, by copying the rules derived from the effective
theory for the light mesons, to be the golden channel. Similarly, top pair production in
association with two bottom quarks can strongly be enhancedif the left-handed dou-
blet of the heaviest quarks interacts with the new strong sector. Despite being already
constrained by the Z decay width, the remaining operators with four heavy quarks
can be identified by the ratio of the cross-sections of those two processes. Last but
not least, the effective Lagrangian for same sign top pair production was built. Being
initiated by two quarks, this process overcomes the difficulty to find an antiquark in
a proton at the LHC. Same sign top pair production offers the possibility to constrain
a new set of flavor violating four-fermion operators. Moreover, this process, strongly
suppressed in the SM, allows us to probe large value for the energy scale of the new
physicsΛ by getting rid of the SM theoretical errors. Moreover, same sign top pair
production can easily be distinguished from any SM background because its invariant
mass distribution is far from being peaked at threshold.

We have shown that effective field theories are useful for colliders phenomenology.
In particular, they have been shown to be suitable to quantify the (allowed) size of
the new physics in a model independent way when no resonancesare found like at the
Tevatron. Despite that the LHC is now surpassing the Tevatron, all the contributions of
our effective Lagrangian to its dominant process for the toppair production,i.e. gluon
fusion, are suppressed. The last hope at this order inΛ are the CP violating operators.
However, they deserve a careful analysis since they can generate CP violation for
the strong interaction at one-loop. Otherwise, shape distortion at the LHC would
require to go to theO

(

Λ−4
)

for gluon fusion. Those contributions might still be
observable. For example, the unsuppressed squared amplitude of theOG operator
gives a contribution as large as 15% forΛ = 1 TeV andcG = 1. Contrary to quark
annihilation, the parameter space at this order is not expected to become very large
since no new dimension-six operators should be added. Finally, effective theories
could be used for other processes. For example, we have also mentioned the multijet
events to look for dimension-six operators and, in particular, for theOG operator.
Dijets have already been used to constrain the four-fermionoperators at the LHC [49].
However, we can expect that much stronger constraints couldbe set on the operators
involving gluons.
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AppendixA
Appendix for top pair
productions

A.1 Fierz transformations

We are collecting here some Fierz transformations that are needed to reduce the ba-
sis of independent dimension-six operators. The same transformations are also useful
to compute the effective Lagrangian obtained after integrating out some heavy reso-
nances.

δijδkl =
1

2
σI
ilσ

I
kj +

1

2
δilδkj , (A.1)

δabδcd = 2TA
adT

A
cb +

1

3
δadδcb , (A.2)

(γµPL/R)α
β(γµPL/R)γ

δ = −(γµPL/R)α
δ(γµPL/R)γ

β (A.3)

(γµPR)α
β(γµPL)γ

δ = 2 (PL)α
δ(PR)γ

β , (A.4)

(PL/R)α
β(PL/R)γ

δ = −1

2
(PL/R)α

δ(PL/R)γ
β

+
1

8
(γµνPL/R)α

δ(γµνPL/R)γ
β , (A.5)

wherePL/R = (1∓ γ5)/2 are the usual chirality projectors andγµν = 1
2 [γ

µ, γν ].
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A.2 Feynman diagrams for tt̄ production at or-
der O (Λ−2)

At theO(Λ−2) order, the two parton-level cross sections fortt̄ production follow from
the Feynman diagrams depicted in Fig. A.1 and A.2.

+ +

SM SM SM

+

+ +

g

g

t

t̄

+

Figure A.1:Feynman diagrams forgg → tt̄ up toO
(

Λ
−2

)

. The dark blobs denote interac-
tions generated by the operatorOhg.

A.3 Helicity amplitude for tt̄

As explained in Section 3.1.1, when summed over the helicities of the final top, the
cross section for thett̄ production depends only on the sumcV v = cRv + cLv (we
neglect the contribution for the isospin-1 sector). However the individual helicity
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+ +

q

q̄

t

t̄
SM

Figure A.2: Feynman diagrams forqq̄ → tt̄ up to O
(

Λ
−2

)

. The diagram in the middle
originates from the four-fermion interactions induced by the operatorsOL/Rv, OL/Ra and
O

(8,3)
Qq . The diagram on the right is the contribution from the operator Ohg.

cross sections are sensitive tocRv and cLv individually since at high energyORv

(OLv) should produce mainly right (left) handed top and left (right) handed antitop.
Explicitly, the helicity cross sections are given by (we recall thatcAv = cRv − cLv)

σ++(gg → tt̄) =
πα2

s

24 (4m2 − s) s3

{

− 2
√

s (s− 4m2
t )
(

62m4
t − 7sm2

t + 2s2
)

+
(

16m4
t + 58sm2

t + s2
)

m2
t log

(

s+
√

s (s− 4m2
t )

s−
√

s (s− 4m2
t )

)

− chg
gsΛ2

2
√
2svmt

[

√

s (s− 4m2
t )
(

14m2
t + 13s

)

+
(

4m4
t − 34m2

t s
)

log

(

s+
√

s (s− 4m2
t )

s−
√

s (s− 4m2
t )

)]}

,

σ−−(gg → tt̄) = σ++(gg → tt̄),

σ+−(gg → tt̄) =

(

1 +
chg
gsΛ2

4
√
2mtv

)

πα2
s

24 (s− 4m2
t ) s

2
×

[

11
√

s (s− 4m2
t )
(

m2
t − s

)

+
(

2m4
t − sm2

t − 4s2
)

log

(

s−
√

s (s− 4m2
t )

s+
√

s (s− 4m2
t )

)]

,

σ−+(gg → tt̄) = σ+−(gg → tt̄). (A.6)
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and for the quark annihilation, by

σ++(qq̄ → tt̄) =
8m2

tπα
2
s

27s5/2

√

s− 4m2
t

(

1 +
chg
gsΛ2

√
2
vs

mt
+

cV v

g2sΛ
2
s

)

,

σ−−(qq̄ → tt̄) = σ++(qq̄ → tt̄),

σ+−/−+(qq̄ → tt̄) =
4πα2

s

27s3/2

√

s− 4m2
t

(

1 +
chg
g2sΛ

2
4
√
2vmt

+

√
s

g2sΛ
2

(

cV v

√
s± cAv

√

s− 4m2
t

)

)

(A.7)

The first/second index indicates the helicity of the top/antitop. There are no effects of
the operatorsORa andOLa on the spin correlation because after integration over the
variablet, their helicity cross sections vanish.

When summing over the final helicities, we arrive at

σ (qq̄ → tt̄) = σqq̄
SM

(

1 +
cV v

g2s

s

Λ2

)

+
1

Λ2

αs

9s3/2
4gschg

√
2vmt

√

s− 4m2
t , (A.8)

σ (gg → tt̄) = σgg
SM − vmtαsgs

12
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+ 9
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where

σqq̄
SM =

8πα2
s

√
s− 4m2

(

2m2 + s
)

27s5/2
, (A.10)

σgg
SM =

πα2
s

12s3

[

4
(

m4 + 4sm2 + s2
)

log

(
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√

s (s− 4m2)

s−
√

s (s− 4m2)

)

−
√

s (s− 4m2)
(

31m2 + 7s
)

]

. (A.11)

These expressions correspond to the differential cross sections (4.2) and (4.3) inte-
grated over the scattering angle.
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