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Introduction

Particle physics aims at identifying the elementary caomstits of our Universe and
understanding their interactions. Four elementary bogldilocks of ordinary matter
have been discovered so far : the electron, the neutrinotentivo constituents of
the proton and the neutron, the up and down quarks. Moretweheavier replicas
were found for each matter particle. The observed pictuodmpleted by the four
forces that carry the information between the twelve elgargriermions. In the 20th
century, the weak and the strong nuclear interactions wededto the well-known
gravitational and electromagnetic ones. However, theigtéonal interaction does
not fit in the same theoretical framework as the three otl&irse its effects are tiny
in (4-dimensional) particle physics, gravitation will bischrded in the following.

In this theoretical picture of elementary particle physibe Standard Model (SM),
local symmetries are the keys of our understanding of thddmental interactions.
They ensure predictivity at the quantum levied. only a finite number of free pa-
rameters are needed to absorb all the divergences of thel.mgdeever, they also
imply that the mediators are massless. Consequentlycfeggrshould interact at large
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10 INTRODUCTION

distance. While this property is confirmed for the electrgnetic interaction, it dis-

agrees with the observed behavior of the weak and strormgwittens. We can actually
see, for example, the attraction or the repulsion betweegneta due to the electro-
magnetic force. On the contrary, nuclear forces did nevewsalp in any every day

experiments.

The issue was solved differently for the two interactionghia SM. On the one
hand, the strong interaction is hidden at large distanaesitih confinement. Simi-
larly as neutral atoms and molecules mask the electromiagntetraction, only quark
bound states, neutral for the strong interaction, are &tbwhe drawback is that only
those composite hadrons can be directly seen in any detdéttoeover, accurate re-
lations with the fundamental parameters are hard to obtaintd the large value of
the strong coupling. Consequently, many questions abeugttbng dynamics are still
unanswered. On the other hand, the weak interaction canaatlgt short distances
due to the masses of its mediators. The price to avoid ana#dpieaking of the local
symmetry by the masses is the introduction of a new scakaklthgs boson. Despite
its very good agreement with the experimental data, thismahsolution brings its
own issues. First of all, the elementary scalar predictethbymodel has not been
discovered so far and requires further experimental inyatson. Additionally, scalar
masses are very sensitive to the ultraviolet content of théah If there are some new
particles at higher energy, it is hard to stabilize the eteetak scale at its measured
value. There are several reasons to expect those new dtageaticular, the known
matter is only 5% of the Universe content. There are bagitath ways out : either
the new physics scale is close to the electroweak one or dutr@lveak symmetry
breaking (EWSB) is not due to an elementary scalar. Evendrsétond case, new
phenomenons should happen around the TeV. As a matter pbfaeable deviations
from the SM in the weak bosons scattering are expected asthig if there is no
Higgs particle.

While our knowledge of the strong interaction is mainly tregizally limited, the
questions about the EWSB mechanism can only be answeredpeyiments. The
Tevatron and the Large Hadron Collider (LHC) were precismliit for that reason.
Little hope remains for a discovery at the Tevatron befasecibsure in September.
However, LHC has just started last year to collect data apeiforming extremely
well. Both at the Tevatron and at the LHC, the strong procedseinate since they
are hadron machines. Weak bosons are thus harder to prdaucthe colored parti-
cles. Fortunately, the fermion mass generation is alstetta the symmetry breaking
of the weak sector in the SM. The heavier a particle is, thenggr it couples to the
EWSB sector. Being the heaviest matter particle, the topkgeahus a natural probe
of the EWSB mechanism.



INTRODUCTION 11

In this thesis, we use the same tool, effective field thept@efurther explore con-
finement and electroweak spontaneous symmetry breakifertiE field theories are
introduced in the first chapter as well as the Standard Mautktlze relevant measure-
ments in top physics. The second chapter focuses on thedigstrong bound states.
Their low masses compared to the confinement scale of thegsinteraction make
the light mesons suitable for an effective treatment. Tis®eiated effective theory
allows us to understand their interactions from the vargymmetries of the funda-
mental Lagrangian. In particular, we focus on the-  mixing which is sensitive
to the dynamical breaking of the global axial symmetry bygtreng interaction [1].
After this first contact with the well-known effective thgdior the light mesons, we
further use this tool for the search of new physics in top peaductions([2,3]. The
effective theory, described in the third chapter, providesodel independent way to
parametrize the new physics effects. Our analysis is thtusestricted to new physics
related to EWSB, but also includes many other types of nevsiphycoupled to the
top quark. The constraints on the parameter space from traréa and LHC mea-
surements are derived in the last chapter. The new phydestefor the LHC are
then computed in the allowed region.
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Chapter

An introduction to elementary
particle physics

This chapter does not attempt to provide a complete intriboluto elementary par-
ticle physics. Its aim is to give the necessary ingrediestttife following chaptersin a
pedagogical way. First, the current theoretical picturtheffundamental interactions,
i.e. the Standard Model (SM), is briefly introduced. Even if thare several reasons
to go beyond the SM, its successes in explaining the expataheata prove that the
SM is at least a good approximation in the energy range prebddr. The second
part is dedicated to the effective field theories. They wéliused to explore the SM in
Chap[2 but mainly to go beyond in Chap. 3. Finally, the molevent experimental
measurements in the top quark sector will be summarizedhap@4, our extension
of the SM will be confronted to those data.

13



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 gr8Ug8). ® SU(2)r, ®
U(1)y. The fermion fields transformations under the local symynate given by

T s ¢i9sa(@) AT +igh! (z) G +ig'y(2)Y (1.1)

whereY is the hypercharge;! are theSU (2);, generato@normalized as{v’o’)=
26'7 andT# are theSU(3). generators normalized as(ff*77) = 1645, The
matter content of the SM as well as their quantum numbersispéagied in Table I]1.

Ly | g | g | ur | dr
su@. | 1] 1]3]3]3
su@.| 21211
e

Table 1.1: Quantum numbers of the SM fermions whefe= (v, lL)T andq;, =
(ug,dp)"

The remaining particles of the SM are the mediators of therawtions between the
matter fields. The gluon§“ and the electroweak bosof’ and B are the gauge
bosons ofSU (3)., SU(2) andU (1)y respectively and transform as

Fr = Fr4+0u0@)* + g fAPOFP ¢ (1.2)

whereg(x) is a generic label fo(z), 5(x) and~y(z), g; for g5, g andg’ and fABC
are the structure constants of the associated group. Witpadinticle content, the most
generic renormalizable Lagrangian is

auge __ P 1 A vA As ) x4 vA 1 I vl 1 v
comas = 3 i0BU - 1GL, G = 20G, G — W W — 2B, BY
(1.3)

where

1
Dy =0, —igsGL T — i gWie! —ig'B,Y (1.4)

1Since the SM only contain§TU (2) 1, doublets or singletsy? will be also used to denote the Pauli
matrices.
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is the covariant derivative, tr(éf},j, W,fu andB,,, are the strength field tensors defined
by

Fi, = 0,F) —0,F} + g:f*PFPF(, (1.5)

g = % andGW = €00 GP?. The parametef is constrained to be very small by
the measurement of the neutron electric dipole moBmWe will assume tha# = 0

in the following. There is no such term f6iU (2)y since the Lagrangian for the weak
interaction is equivalent to a chiral QCD-like theory.

It should be noted that9*“9¢ only contains gauge interactions and kinetic terms.
Consequently, all the fields are massless so far. On the ot bauge symmetry
guarantees that the mediators are massless. On the otl&rifmbirac mass term
can be formed for the fermions since their right- and leftded components belong
to different representations of the electroweak symmatoup.

1.1.2 The Higgs mechanism

However, almost all the observed elementary particles agsive. In the SM, this
problem s solved by breaking spontaneously the gauge gifithe electroweak inter-
actionsSU(2), @ U(1)y toU (1) g In practice, this mechanism is implemented by
a scalar field denoteH and transforming a6l, 2, 1/2) under the SM gauge groups.
We can now write down the full SM Lagrangian,

XSA[ — y9auge “+ |D#H|2 -V (H) + D%Yukawa- (16)
where
V(H) — —MZHTH—F)\(HTH)Q (17)

is the scalar potential an#y 1., CONtains the interactions between the new scalar
doublet and the matter fields (see Sect. 1.1.3).

The scalar potential is bounded from belowifs positive. 1fu? > 0, the scalar
field has a non vanishing value at the minimum

(1.8)

2|f the determinant of the mass matrix for the light quarkseislr
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wherev is the vacuum expectation value (vev). Using gauge invagaH can be
written as

0
H= ( vth(@) ) (1.9)
V2

whereh(z) is the surviving physical Higgs boson. The upper componantctually

be gauged away by U (2),, transformation. The phase of the lower component
can be then removed thanks to the generétxgr— Y. Consequently, the orthogonal
combination, corresponding to the unbroKéfl) s, is still not fixed by our choice

of gauge. A massless vector boson has two degrees of freaétdotwp transverse
polarizations. However, a massive vector boson has alsogitlminal polarization
and has thus three degrees of freedom. The three missingaaal fields of the
doublet provide the additional degrees of freedom requiyettie three massive vector
bosonsi.e. they are eaten by the gauge bosons. In practice, the massdétine weak
gauge bosons are obtained by repladifi@ccordingly to Eq.[(T19),

2 2
\DH[? 5 % (9B — gW3)? + gzqﬂvwW* (1.10)

where we have omitted the Lorentz indices &rd = (W, FiW>)/v/2. The masses
of the bosons are

My = gg, My = 3\/92 14?2 et M=o (1.11)
The neutral mass eigenstates are
Z \ _( cosby —sinfy W5
( A ) B ( sinfy  cosfw ) ( B ) (1.12)

with cos Oy = My /M.

In term of the physical field, the covariant derivative reads

1
D = 8—igsGATA—ig/COSGW (50'34-}/) A—’L\/ii (W+o'++W70'7)
1
—q (9503 cos Oy — ¢’ sin GWY> Z. (1.13)

wheres* = % The massless bosohis identified as the photon. Consequently,

1
e=g' cosfy and Q= 203 +Y. (1.14)

The fourth and fifth terms in EqL_(1.1.3) give rise to the weakrged 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 massdle weak gauge
bosons, but also to the fermions. The last piece of the Lagmans

gYukawa — _ZLHyllR - @Lﬁyuul‘? - @LHyddR + h.c. (115)

whereH = iocoH* and Ly, Qr, lr, ug anddg are vectors in the three dimensional
flavor space. Consequently’” are3 x 3 arbitrary complex matrices. The fermion
mass matrices,

F
MF =22 p_ud (1.16)
V2
are thus free parameters. They are, in principle, not dialgbat can be diagonalized
by unitary transformations :

ME,, = UF MU', (1.17)

The mass eigenstates are linear combinations of the iti@nagigenstates, the latter
being now denoted by

up =Upuly,  dp=Updy (1.18)
up, = U,  dp =Uldy. (1.19)

The full SM Lagrangian can be rewritten in term of the massedgates. Nothing
changes for the neutral currents since the associatedajereare diagonal. On the
contrary, the charged currents mix up and down quarks andtahe origin of flavor
violation at the tree-level,e.

' WJFJ*'}/“) Q +he =

9 ~ _

ur, (WJ’}/#) Verxmdr + h.c.

Sle s

(1.20)

whereVeo gy = UgUgT is the unitary Cabibbo, Kobayashi, Maskawa mixing matrix.
This matrix can be described by three mixing angles and ogsigdl phase. This
phase is the only source of CP violation in the SM.

The Yukawa Lagrangian is responsible for most of the freapaters of the SM.
In fact, it contains 13 physical paramete3sq 3 masses, 3 angles and 1 phase) while
the gauge and the Higgs Lagrangian only depend respectinedyand 2 parameters.
While most of those 13 parameters are small, the top yukawglicg turns out to be
large @ = Vomy 1).

v
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Neutrinos are massless since we have not introduced tlgit-mended compo-
nents. There are many other ways to provide the neutrindsanihass [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 accidef{é(2), ® SU(2) r symmetry. Defin-
ing

M=(H H), (1.21)

the scalar potential is only a function of(t/TA/) = 2HTH and is invariant under
the transformation

M — Ul MUp. (1.22)

After spontaneous symmetry breakitftd/ (2);, ® SU(2)g is broken to the custodial
SU(2)y symmetry. The three eaten scalar bosons transform aset tripder the cus-
todial symmetry. Their mass degeneracy is transferrededriplet of gauge bosons
(W*, Ws). As a consequence, this symmetry implies the tree-levatiosi

Mg, Mg,
_ _ 1.23
M3 cos? 0w My, ( )

p=

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

3G
5p = m;. 1.24
P 8\/§7T2 t ( )
Its precise measurement at LEP [5],
p =1.00412 £ 0.00124, (1.25)

was used to estimate the top mass [6] before its discoveheakdvatron[i,8].

1.1.5 The strong interaction

The strong interaction is mediated by the gluons. The asttguantum field the-
ory is called quantum chromodynamics (QCD) since its ctmege the colors. At
low energy, those interactions are much stronger than #tremagnetic and weak
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interactions. As a consequence, the same computationitgeehperturbative expan-
sion, cannot be applied. However, the coupling constart@fstrong interaction at
the energyu is given by

47

o (;ﬁ) =—F—~ (1.26)
bo log (K{L—)
QCD
whereAgcp is a reference scale. At one-loop,
2
bo =11 — gnF (1.27)

wheren g is the number of fermions in the fundamental representaifofiU’ (3)...
The contribution of the gluons, given by the first term, isipies. On the contraryp,
decreases due to the fermions loofsis positive ifnp < % i.e. if there are at most
16 colored fermions. Consequently, the strong couplingtaon decreases with the
energy in the SM as illustrated on Fig.11.1. At high energg,dgharks behave like free
particles, they are asymptotically free. It also insuresd gerturbative computation is
valid in QCD at high energy, but breaks down at low energy.

The non abelian structure of the group is necessary to hawvgegbosons self-
interactions as shown in E{. (1.5). Consequently, abebaigg theories like QED are
not asymptotically free.

05 July 2009
aQ)
4 s a Deep Inelastic Scattering
041 oe €' Annihilation ]
o8 Heavy Quarkonia

0.3t

0.2+

0.1t

= QCD ag(Mz)=0.1184 + 0.0007
1 100

Y Qcevi

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 relevaniegspof the studied
process. The chemical properties of the hydrogen atom carelbéescribed without
knowing the details on how the quarks interact inside thégaroThe proton can be
considered as an elementary object because the bindingyeokits constituents is
much bigger than the energy of the orbiting electron. Theussjon of the different
scales of the system is the key ingredient for effective itleso

Effective field theories are very useful in different are®sedictive effective the-
ories can be constructed for strongly coupled theories &vperturbative expansion
cannot be trusted anymore. The typical example is QDC at toavgy which will be
studied in Chad.]2. Heavy quark effective theory (HQET) herbalso used for the
strong interaction if the mesons contain one heavy quarkdtiition, effective theo-
ries also provide a model independent approach to look farpteysics in a bottom
up way. The same effective theory can correspond to sevigialdmergy fundamen-
tal theories since it does not depend on all the details ofithéheory. This is the
cornerstone of Chap] 3.

In this section, the main ideas of effective field theoriesiatroduced with the help
of one of the most famous examples. The main propertiesaetdor the following
chapters are then discussed. This introduction is basedefsn H0£13] and more
information can be found therein.

1.2.1 Fermitheory

Inthe early days of particle physics, Fermi proposed erpigithe charged currents
leading to3-decay by contact interactionisg. products of currents$ [14]. The Fermi
effective Lagrangian is now written as
_Gr

=——=JgrJ,t (1.28)

£Fermi
V2

whereGr is the Fermi constant. Since the Fermi constant has the dioeof the
inverse of an energy squared, let us define the enkggguch that

(1.29)

Sls
i

L
A%
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The current in the Fermi Lagrangian can be split into the diaids .J”, and the lep-
tonic, J},, currents

Ju=J) + T, (1.30)
For simplicity, let us focus on lepton interactions where tlrrent is defined by

JL= o (=) (1.31)
l

This effective Lagrangian could have been built from the syatries of the SM only.
Assuming that only the left-handed leptons are doubleteuf# (2);, and that the
interactions are flavor universal, one easily proves that{E&@8) contains the only
dimension-six operator with charged currents. However,dphposite way was fol-
lowed historically. Charged currents were measured to berflaniversal. Parity vio-
lation of the weak interaction was discovered later and detthé¢ V-A structure. The
SU(2) symmetry was then postulated and the existence of neutnadrds predicted.
Their discovery was one of the great success of what becderdha SM.

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

T (4 = emo,) & —— T (1.32)
o eVery) = g g o .
F

The scaleA g, or equivalentlyG , can be extracted from the measured value of this
decay

Ar = 348 GeV. (1.33)

The same result holds for the tau decay such thasthéndependent ratio

I'(1n— e m
D = eWebin) oy Mn 7 4107 (1.34)
I'(r—ever,) md
agrees with the experimental value. Similarly, severaéofirocesses 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 hggna. Since the
momenta involved in this process are small compared to thes wfthe W boson, the
denominator of its propagator can be expanded as

1 1 P2

= +... (1.35)
A A
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Keeping only the first term, we obtain the same result as iE§2) with the identi-
fication

2
g- 1 1 Gr
9~ - = TE (1.36)
R TERR VAN
from which we extract the value of the Higgs vev as,
1
v = (\/§GF) ? — 246 GeV. (1.37)

The effective Fermi theory is thus equivalent to the SM updwections of the order

2
of APT The scalée\ r is of the order of the mass of the heavy states in the fundahent
theoFK/.

The effective Lagrangian of Ed.(1]28) is in fact the firsiesf the same expan-
sion in ﬁ as in Eq.[(1.3b) applied to the full Lagrangian. The advamiadhat the
expansion on Lagrangian is done once for all in oppositiotheexpansion of the
propagator which should be done for each amplitude. Momieraa amplitude are
equivalent to derivatives in the Lagrangian. Since eacivalitre increases the dimen-
sion of the operator by one unit, this operator should besrgsed by one extra power
of the new physics scalk compared to the other operators. However, an effective La-
grangian is more than just an expansion in the number ofa@ras. In general, each
operator will be suppressed By —¢ with d being the dimension of the operator. The
suppression of an operator does not only increase with itsbhen of derivatives but
also with its fields content. This generalization to the fiekinecessary if we want
to keep gauge invariance because covariant derivativestagujyth field tensors are
sum of derivatives and vector fields. Moreover, this exi@mss necessary for the
Fermi theory. Despite the lack of derivatives, Fermi Lagpian is still suppressed by
the square of the mass of the heavy particles, the W bosoaybethe operator is of
dimension six.

An effective theory is thus nothing more than a Taylor expané the ratio of
two scales. The convergence is warranted by the gap betheetales. As we saw
in the previous example, the only remnants of the full theairiow energies are the
symmetries and the values of the coupling constants. Haweffective theories are
still predictive even if we do not know the values of those mlng constants. In
fact, the series can be truncated if the expansion paransesenall. Consequently,
the Lagrangian only contains a finite number of free coeffisie The drawback of
the truncation is that the predictions have errors. Howetiererrors 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 stadddlbows :

1. The dynamics at low energies does not depend on detaileeafyinamics at
high energies.

2. Determine the relevant degrees of freedom at the scaleuwfprocess.

3. Build all the operators allowed by the symmetries of theotly up to the re-
quired precision knowing that each operator is suppresgad b? with d being
the dimension of the operator andbeing 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 fundametahe effective theory.
However, if the theory is perturbative, we can integratetbatheavy particles. The
tree-level relations between the fundamental parametetdte effective couplings
are then directly obtained without passing through amgéitucomputation. This pro-
cedure is illustrated in the following for heavy bosons ifspior 1). This choice of
particles is motivated by their use in Chap 3. However, it almo be applied for
fermions or tensors.

The generic renormalizable Lagrangian for a vector fieldvemgby

£V = kin. term + M?V,[V* 4+ gV, JI' + h.c. (1.38)

3

where)M? should be replaced b%ﬁ if the vector field is self-conjugate. The kinetic
term can be neglected for a heavy vector. The Lagrange equmivlj then implies

v = —% S gt (1.39)

After replacingV’# according to Eq[{1.39),e. integrating out the heavy vector, the
Lagrangian of Eq[({1.38) becomes

eff — M?2

Using the definition of the leptonic current of EQ. (1.31k ttagrangian in Eq[{11.3)

impliesg, = % Fermi's Lagrangian follows with the identification of EG.88).
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Similarly, if the vector field is self-conjugate, we obtain

2 gidf + h.c.)2
e . (1.41)

Finally, if the heavy degree of freedom is a scalar, the fajtangian is

1%
Lepr=—

£9 = kin. term — M?¢¢! + " gipd; + h.c.. (1.42)

After integrating out this heavy scalar field, the Lagrandi@acomes

;
(> gidij)w(g:i gid;) . (1.43)

S _
Lorr =

e.

1.2.4 Scale hierarchy from spontaneously broken symme-
tries

Symmetries of the fundamental theory are often unbrokehéreffective theory.
However, broken global symmetry can also be helpful foratife field theories. If a
global continuous symmetry is spontaneously broken, Gatgstheorem implies the
existence of a massless particle, a Goldstone boson, fartwaken generator. If the
symmetry is only approximate, the particles are not masdlasremain lighter than
the fields associated with the unbroken generators. Coesdégutheir interactions
can be well described by an effective Lagrangian. As we il ;@ Chap. 12, the light
pseudoscalar mesons are an example of pseudo-Goldstamesbdheir masses are
truly below those of the scalar mesons, A = 1 GeV.

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

¢* — ¢ +iaGF @ (1.44)

wherea is the expansion parameter afdl are the generators of the group. Since the
kinetic term is left unchanged by the symmetry, the potéstiauld also be invariant,

V(¢") =V (6" +iaGhe®). (1.45)

Sincecx is small,

0
O

Ghyd' 5=V () =0. (1.46)
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Deriving respect tap® and evaluating this expression @at= ¢, where ¢, is the
minimum of the potential, we obtain

(M)m <av <¢>>¢_%+ <G,;b g Py (¢)>¢_¢0 o

0¢° 0¢° lolotolon

The first term vanishes becaugegis the minimum.G¥, ¢} is non zero for the scalars
which vev breaks the symmetry. Consequently, the secondrfaleould also vanish.
This factor is precisely one row of the scalar mass matrixe fiélds 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, thaityabf effective theories
is questionable at the loop-level. The expansion may bresknddue to the large
momenta in the loops. A generic effective Lagrangian can fittan as

1
d,k

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

In an amplitude, each vertex contribution goes liKe*~* wherep is a generic
label for the loop-momentd, is the dimension of the operator from which the vertex
comes frome is the sum of the dimensions of the external legs and exteroaienta
and: is the sum of the dimensions of the internal legs. If the diagcontaing”
vertices, their momenta dependence is givepBy”—/, whereD, E andI are the
sum of thed, e andi of each vertex. All those vertices need to be connected to &ir
least one-loop. To obtain exactly one-loop, we n&gatopagators. If the propagating
particle is a fermion, adding its propagator gives afa%tand] increases bg. If the
propagating particle is a boson, adding its propagatosgivfactorglg and/ increases
by 2. The contribution of all propagators and vertices for a toog amplitude is thus
given byp”~F—4V_ Each time a new propagator between two vertices (diffesent
not) is added, one more loop is created. At the end, an ardpliith L loops goes
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like

L
A(D,E,V,L) « (/d4p> pD7E74V74(L71)

{ AP—E-4VHL if D _ AV £ E —4 (L.49)
~ A2 . . _ .
1og(F) ifD—4V = E—4

wherey is the typical scale of the process. Each vertex coefficiengb a factor
2= Consequently, the amplitude goes liké=7 if D — 4V # E — 4 or like

A*Flog (ﬁ—z) otherwise. The dimensions of the operators that are ceddxnt this
amplitude are at least equal 6. As a consequence, the loop corrections can be

written as

Y R S Y U P
hpaak A\ T\ G Tt ) B

v,z SO
+<(4W)2+(4w)4+...>+ﬁ(1\ ))()k (1.50)

wherew, z, y andz are polynomials of the; and of the gauge couplings. If none
of the ¢, or the gauge couplings are large, the Lagrangian is petiueband loop
corrections are small. To sum up, the loops do not break tiparesion in}Y but
renormalize the couplings and the fields. This result is kma#/the decoupling the-
orem [15]. In fact, all divergences from tf# () amplitudes can be absorbed into
the operators of dimension+ 4 as it can be seen from E{.(1149). The effective theo-
ries are usually called non renormalizable theories sindafaite number of counter
terms are needed to absorb the divergences. However, abesatin the expansion,
only a finite number of counter terms are needed. Consegueffdctive theories are
renormalizable not in the usual sense but order by order.

The logarithmic divergences in Ed. (1150) can be absorbeddrdefinition ofcy
at one scalg:r only. Consequently, they also induce a physical runningtierco-
efficients. For strongly coupled theories, those logarithtivergences can generate
large anomalous dimensions,

, A
(1+ Alog (ﬁ—z)) _ Als(lz) _ (ﬁ_j) . (1.51)

8If D — Eis odd, the integral of the largest powerpfanishes. Consequentlip should be replaced
by D — 1 in the second line.
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In this case, the usual power counting breaks down. Howtwedegrees of freedom
at low energy are not anymore the elementary particles diutgamental theory but
bound states. Those anomalous dimensions are welcomehini¢etor to alleviate
the tension between the SM fermion masses and flavor vialafiechnifermion anti-
technifermion bound states have an anomalous dimensian-dample of walking
technicolor model can be found in réf. [16]). The mass tewngfe SM fermion orig-
inate from dimension-four operators with two SM fermionsl &vo technifermions.
On the contrary, flavor violation is induced by dimensiox-egperators with four SM
fermions and is thus suppressed by the square of the heaiglgmscale.

From Eq.[(Z.5D), we can see that scalar masses receive timnsggroportional ta\
because the dimension of the associated operator is twsegaently, scalar masses
and, in particular, the Higgs mass are expected to be of ther af the cut-off of the
theory. New physics should thus appear at the LHC to avoidtfineng. Another
way out is to protect the Higgs mass by a symmetry. As we sawndss would
remain small if the Higgs is a pseudo-Goldstone boson. HEsisa only happens for
scalar. On the contrary, the fermions Dirac masses divergeoat logarithmically
despite that they originate from a dimension-three operhtdact, they are protected
by chiral symmetry in gauge theories like the SM. Namely,lthgrangian up to the
mass term is invariant under a rephasing of either the leftight-handed fermions
since all the terms of the Lagrangian except the mass tertaicoonly one of the two
chiralities. As a consequence, the corrections to the farmmasses are proportional
to the masses them-seTEes

1.3 Top scenery

Top physics has already reached a high-level of sophikiitand we already know
a lot from the Tevatron which sets strong constraintsagaphilic new physics[[17—
20]. Until recently, Tevatron was the only source of top d¢ggaHowever, LHC finally
produced its first top quarkis [2I1-424] in 2010 and startedytkés to get the first precise
measurements [25].

This short review is not exhaustive but only focuses on thasueements needed
in Chap[4. The two experiments of the Tevatron actually mesmkseveral other
important quantities like the top mass, single top crossiae and so on.

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

Total ¢ cross-section was measured at the Tevatron and alreadg &H@ with
a precision comparable to the theoretical one. The mostger@ceasurement at the
Tevatron is the CDF combination of all channel at 4.6'f(26],

o286 TeV_ 7.5+ 0.31(stab + 0.34(sysh = 0.15(lumi) pb. (1.52)

Their analysis combines both dileptonic, semileptonic anly hadronic channels.
CMS combination of the semileptonic and dileptonic chagmeéth 36 pb! [25],

TV = 158 + 10(stay + 15(sysb + 6(lumi) pb, (1.53)
is about one sigma below the Atlas one with 35 pti27]
ol — 180 + 9(stab + 15(sysh = 6(lumi) pb. (1.54)

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

o7 ° TV = 6.877( 13 (scalg £ 35 (pdf) pb, (1.55)
and at the LHC
oY = 146713 (scale 1] (pdf) pb. (1.56)

The experimental and theoretical results for the totatoss-sections are summarized

in Fig.[1.2.

= L B o B S S — 1
= [ --NLOQCD (pp) @ ATLAS 180+ 18 pb ]
b': | EApprox. NNLO (pp) (35 pb™, Prelim.) =
NLO QCD (pp) ¥ CMS 158+ 19 pb
107 = - Approx. NNLO (p) (36 pb™, Prelim,) . 3255 =
F =CDF 3
- ADO 300 T
r 250F 1 1
10 E
1 Ll ! 1 ! .
1 2 3 4 5 6 7 8
\s [Tev]

Figure 1.2: Summary of the cross-sections measurements and SM predictions [27].
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The first measurement of thé invariant mass distribution was done at CDFI[29]
with 2.7 fb~! in the semileptonic channel and showed no deviation fromSive
The updated measurement with 4.8 #430] confirms this conclusion (see Fig.11.3)
as well as DO analysis with 3.6 T8 [31]. At the LHC, CMS has already started to
constrain the presence of new resonances withitheariant mass distribution [32].

CDF Il Preliminary 4.8/fb CDF Il Preliminary 4.8/fb
of 1 " [ 95%cCLinterval ]
3 [ 68% CL interval 3
3 — — leptophobic Z' E
11: -------- expected limit 1
observed limit 3

0, B(Z'— tf) [pb]

W
08F
061
0.4F
02F

probability density/20 GeV

400 600 800 1000 1200 1400 1600
m, [Gevic?]

1200
m, [GeV/c?]

Figure 1.3: tf invariant mass distribution measurement by CDF [30] ancctivee-
sponding limit on narrow resonances.

1.3.2 Forward-backward Asymmetry

The forward-backward asymmetry#aproduction is defined as

o (cosf; > 0) — o (cosf; <0)

1.57
o (cos@; > 0) + o (cos b < 0) ( )

AFB =

whered, is the angle between the momenta of the incoming parton ipithi®n and
the outgoing top quark in the laboratorytrest frame. In the Standard Model, there
are no preferred directions for the top and antitop quarkssdbwest order. A positive
asymmetry is generated at NLOg., the top quark prefers to go in the direction of the
incoming quark and the antitop quark in the direction of theoiming antiquark [33]:

AP — 0,05+ 0.015 (1.58)

in the laboratory frame. The recent measurementd g at the Tevatron show an
intriguing deviation from the SM prediction_[34-36]. The st@recise CDF result
(semileptonic channel with 5.3 f8) [37]

APEPIb — .15 4 0.05(stad + 0.024(sysb, (1.59)
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is larger by about 2 than the SM prediction. Moreover, the discrepancy seems to
increase with the energy. As a matter of fact, CDF measurenagrove 450GeV [38]

ABXPH (2, > 450GeV) = 0.475+0.114 (1.60)
AR (M < 450GeV) = —0.116 +0.153 (1.61)

is more than 3 away from the SM prediction

AN (M, > 450 GeV) 0.088 4 0.013 (1.62)
ASMI (M, < 450GeV) = 0.040 + 0.006 (1.63)

while the low mass asymmetry measurement is only abeutdlow the theoretical
value. The bins with a measured asymmetry below and abov@Nhpredictions are
split by the cut at 450 GeV as shown on Hig.]1.4. Contrary totthal forward-

backward asymmetry, the enhancement at high invariant msasst observed by
DO [39]. The excess on the total asymmetry is also confirméusinileptonic channel

Igo'é —+data _
< NLO tt + bkg
05
04
03
0.2

+
b

O v b b b b b b b b
350 400 450 500 550 600 650 700 750 800
Mg (GeV/c?)

0.1

0

TTTT!TTTT‘TTTT‘TTTT‘TTTT‘TTTT

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

(¢ rest frame with 5.1 fb') [40]:
ABXPIE _ .42 + 0.15(stab + 0.05(sysh (1.64)

to be compared tal$ 5" = 0.06 + 0.01 from QCD.
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At the LHC, CMS rather uses the charge asymmetry as definedily [

NT - N—

A=
T Nt+N-

(1.65)
where Nt and N~ are the numbers of events with positive or negative values of
Ine| — |n¢| respectively. With 1.09fb!, they observe

ABXP = —0.016 + 0.030(stay 351 (sysb (1.66)
consistently with the SM prediction

AZM = 0.0130 4 0.0011. (1.67)

1.3.3 Spin correlations

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

'y 14 A;cosf ry 1-—A;cosf
T 2 T T 2 (1.68)
whered is the angle between the decay prodiand the spin of the top quark, the
arrows denote the different projections of the top sginis the correlation coefficient
for the decay product. Numerically, 4, = A; = 1, A, = A, = —0.31 and
Ay = —0.41 [42]43]. Leptons and down type quarks have a maximal spitysing
power. However, light down type quarks can hardly be distisiged from light up
type quarks. Their correlation is then effectively small@espite existing for all the
fermions, this correlation is destroyed by hadronizat@rall quarks but top quark. In
fact, the top is so heavy that it decays before hadronizaGomsequently, the general
form of the normalized differentiaf cross-section is given by

1 d 1
. m =1 (1+CA;Ajcosfycosf_ +byA;cosfy +b_Ajcosb_),
(1.69)

wheref . (0_) is the angle between the partialéj) resulting from the top (antitop)
decay in the top (antitop) rest frame and some referencetitires (b). For dileptonic
events, the differential cross-section reduces to

1 d 1
—Teosldeost ZCOS@ =1 (1+Ccosfycosf_ +bycosfy +b_cosf_). (1.70)
+ —
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DO measurement (5.4 1) in the dileptonic channel from the differential distribu-
tion in the beam basid _[44§, = —b = k; wherek; is the proton momentum in the
rest frame,

C=-01+045 (1.71)

is in agreement with the SM NLO predictiah = —0.77715-932 [45]. However, this
result is also in agreement with the no correlation hypashés= 0. Last measure-
ment with the same data set but based on matrix element method

C=-057+0.31 (1.72)

excludes the no correlation hypothesis at 97.7% C.L.. Ia daise, the fraction of
events with no correlation and with a SM correlatian £ —0.777) is fitted. As a
consequence] is assumed to vary only between the SM value and zero.

CDF also measured spin correlationtirbut in the helicity basis,e. @ = —b = P1
wherep; is the top momentum in the rest frame. They obtain

C = 0.50 =+ 0.60 (stap = 0.16 (sysb (1.73)

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

1.3.4 Beyond tt
Same sign top pair production

Same sign top pair production can be probed in same signtdilegvents. More-
over, the events should have a large missing transversgyeaerd should contain b-
jets. Consequently, the background is quite low. The exqadzackground i8.1+1.8
events at the Tevatron with 2. 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’@. Despite the quite large cross-sectien pb) of this model fort + ¢, the
low acceptance (0.5%) strongly reduces the sensitivity.

Recently, CDF updated these results with a new data set db6!1 Again, the
number of observed event®7) is in agreement with the expected backgrouztl-
7.5).

5The model will be discussed in Sdct.312.2
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Dijets

If the new physics does not only affect the top sector, thetglispectrum might
show deviation from the QCD prediction. In fact, the dijatanant mass distribution
puts strong constraints on many modéls| [48]. Moreover, CM&dulijet angular
distributions to constrain four-fermion operatdrs|[49]owever, a flavor structure is
needed to go from the dijet production to the top sector.
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Chapter

A Theoretical determination of
the n — 1’ mixing

Based on

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

A vast literature on phenomenological descriptions ofithe ' system was pub-
lished in the past ten yeals [50)51]. Yet, the- ” mixing angle alone is more than
an effective parameter to be extracted from low energy désgpeculiar value may
actually shed some light on the non-perturbative dynamiicdkeofundamental QCD
theory and in particular on the axi&l(1) anomaly. Needless to recall here why the
subsequent parity (P) and time-reversal (T) violationsstitute a major puzzle in the
Standard Model for electroweak and strong interactions, fee example[52]).

To link this axial anomaly with the observed mass spectrunttfe pseudoscalar
meson nonet, alternative paths based on the chiral petiombieory or the large

35
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number of colours limit were proposed. Among them, the ¢lpiesturbation theory
at leading order ip? and1/N. is efficient once the typical 20% corrections expected
from the flavour symmetry breaking are duly acknowledged.

Within this rather simple framework, thgandr,’ masses are functions of the mixing
angled. In particular, they — 1’ mass ratio is not fixed by the theory but can only
be optimized with respect to its experimental value forx —27°. However, the
corrections requisite to reproduce the measured valueiofdtio raise the question
of the systematic expansion to adopt. It appears that imgjutthe next to leading
order inp? in the largeN, limit is quite predictive and compatible with the data.
Consequently, this approach requires tH&.-suppressed one-loop contributions to
be small. In this chapter, we emphasize that the optimalevafithen — n’ mixing
angle at leading order turns out to consistently damp ougttelratically divergent
one-loop corrections to the— 7’ inverse propagator matrix and the— nrr decay
amplitude.

2.1 An effective theory at leading order in p?

1
and ﬁ

[

If n quark flavours are massless, the fundamental LagrangiartCaf @splays a
globalU(n), ® U(n)g invariance. The symmetry is broken by the mass matrix of the
guarksm and is thus only approximate. However, it can be restoredid treated like
a spurion transforming as — ngg};. In the largeNV, limit, N. being the number of
colours, the effective Lagrangian which features thisaltsgymmetry at lowest order
in p? reads([58]

2
2*0) - % [(0,U0"UT) + 1 (mUT + Um')] (2.1)
whereU is an-by-n unitary matrix transforming a8 — gLUg};. The determinant
of m is assumed to be real to ensure P and T invariance. |0 Eq.{Belparameters
with dimensions of mass scale respectiveﬂ/ as

fochl/Q7 roc N2, (2.2)

Inthe largeV, limit, U (n),®U (n) g has to be spontaneously broken into the maximal
vectorial subgrouf/(n)y if n > 3 [64]. Consequentlyl/ is a unitary field which

10ne trace at the effective level corresponds to one-loopeafiindamental level which scales liRé..
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can be expanded around its vacuum expectation value as tofun the Goldstone
bosons,

w2 3

JRRRYE

In the case of three light flavours, the Goldstone bosonstroamebe written as

U=1+ i\/§§ - ). (2.3)

™4 %7784— %770 \/§7T+ \/§K+
T = \/iﬂ'_ —3 + \/L?_)nS + \/%no \/§K0
V3K~ VZEKD — 2 [2p

(2.4)

and the masses of the pseudoscalars can be easily extracieohds diagonalized.
Working from now in the isospin limitn,, = my4 = m, we obtain

m: = rm (2.5)
mi = 5 (m+m) (2.6)
and
1 4m?2, — m2 —2v/2 (m2 — m2)
2 i 'K ™ K ™
CRR TR A & S @0

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

o~ % (uﬁ +dd — 255) (2.8)
n ~ % (uﬂ + dd + 55) . (2.9)

At this level, the masses of the physical pseudoscalar fields

n - cosf —sinf n®
< n > B ( sinf cos® ) (770 ) (2.10)

are only functions of ther and K ones and vanish in the chiral limit = m, = 0.
However, the measured mass of tiiearound 1 GeV tells us that the axi&l(1) is
broken by the dynamics of QCD itself [55]. In the limit of ad@number of colours



38 Chapter 2. A Theoretical determination of the- " mixing

within chiral perturbation, this explicit breaking is ingshented through the one and
only term [53]

0 2 m? 2 1
(/N §4]\?c <1nU — 1nUT> = —imgr]g +0 (71'4) (2.11)
which is 1/N.-suppressed byt’-enhanced with regard to the effective Lagrangian
(23). Accordingly, they, — no elementn?, of the mass matriX{217) is corrected by
the parametem? so that the),  masses are not anymore fixed in terms ofittend

K masses but are functions of the mixing angjlas displayed in Fig.2.1:

[4mf< —m2 +2V2 (m% —m2) tan 9} (2.12)

E
W |

[4mf< —m2 —2V2 (m% —m2) cot 9} . (2.13)

The resulting relation between physical quantities defatddwest order

m2 — L (4m?2 — m?,
tan? = 1 "4 3 ( - 2) (16] = 11.4°) (2.14)
§( mK_mTr)_m'q’
is analogous to
m2 — m2
tan® Oy = —F—0 (16w | = 28.2°) (2.15)
mW — mv

where the mixing angles have been obtained using the physiasses. In other
words, the Gell-Mann-Okubo (GMO) mass relatioff; = % (4m% —m?2) in the

ng —mno Mass matrix{(217) plays here the role of the isospin mas‘simahﬁu%,v3 =mi.

in theWs; — By mass matrix of the Standard Model for electroweak inteoasti The
latter relation is known to be invariant under the unbrokestedialSU (2)y of the
Higgs potential; the former is invariant under the unbrokectorialSU (2); @ U (1)y
since the quark mass matrix in Eq.[2.1) transforms at most as a singlet and an octet
of SU(3)v. A breaking of the GMO relation fomZ; would required (p*,0) terms

like (mUTmUT) with m @ m also transforming as a 2Mder the vectorial flavour
group.

Surprisingly, even with the additional parametej, the masses of andn’ cannot
be fitted simultaneously [56]. Taking away?, from Eqs [2.12-2.13), we easily obtain

2
il tan (264, — 0) tan § (tan 20,1, = —\/5)

2 2
my, —mzg

2 _
my —m

IN

tan? 0y, = 2 — V3. (2.16)
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In the safem? — 0 limit, the resulting upper bound @27 for then — 1’ squared
mass ratio is clearly at variance with the correspondinggrental value of about
0.33.

m@7)
A

r1 Gev

—45° On  Opn b 450 0

Figure 2.1: They andn’ masses as a function of their mixing angle from Hgs {2.12)
and [2ZIB). We choose to work with € [-Z, +Z] to avoid the renaming —
n',n' — —natd = —Z. If m, i are fixed at their experimental values, the measured

n andr’ masses denoted by dots cannot simultaneously be reprodtiosekest order.

Mass corrections of about 20%, as requested by Eql(2.16ptoduce the observed
n — n’ spectrum, drastically change the absolute value of thengiangle derived in
Eq.[2.14). In fact, the physical mass of thand the octet massisg turn out to be
numerically close, within a few percent. Therefore, anyatape of lowest orden
mass from its physical value is enough to produce a major fication of the angle
0 extracted with the help of EQ.(Z]12), as illustrated in[Eifl. So, a determination
of the mixing angle at lowest order is sensible only if itsuels stable with regard
to 1/N. and chiral corrections. In this respect, any enlarged symnieyond the
custodial one is welcome to tame the quantum corrections.ekample, a parity-
conserving locabU (3), ® SU(3) g extension of the&sU (2);, ® U(1)y electroweak
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gauge symmetry [57] covers the custodidl (2)y and would imply

1
tanfy = —— 0w = —30° 2.17
n Oy 7 (Ow ) (2.17)
in pretty good agreement with the on-shell absolute valuth@fweak mixing angle
already introduced in EQ.(2Z.115).

In Eq.[21), the canonical kinetic term for thefield has a globaSO(9) invari-
ance. Both the vectoriadU (3)-breaking in Eq[{2]1) and the axi&l(1)-breaking in
Eq.[2.11) already violate this symmetry at the level of #erts quadratic in the me-
son fields. Yet, for particular values of the angleemnants of5O(9) may survive

at this level; they correspond to the two mass degeneraspkaged with dashes in
Fig[2.1:

o If 6 = 0,4 with

tanf;y = % (0;a = +35.3°), (2.18)
the physicaly’ ~ % (uﬁ + dd) is degenerate in mass with the pions|[58] while
n ~ —s§. Note that the negative valdg; = —54.7° corresponding to the other
convention with thess component singled out, namejy~ \/ii (uﬂ + dJ) and
n' ~ +s3, is outside the interval—Z, + 7] (see Fig.Zl1). The ideal mixing
obtained from Eq(217),e., for m3 = 0, is relevant for the vector meson mass
spectrum on which the axiédl (1) anomaly has no effect, but totally unrealistic
for the pseudoscalar one.

o If 0 =0, with

-1
2v/2

the physical) ~ % (uﬁ +dd — 55) is degenerate in mass with the kaons while
N~ % (uti + dd + 2s5). Here, this sensible value for the mixing angle has
been called phenomenological since it was extensively isstiidy hadronic B
decays and, in particular, to explain the striking suppoessf B — K7 with
respect taB — Kn' [59] if penguin diagrams dominate these processes [60].
It is also quite popular because the associated quark coempoare easy to
remember and to handle in a phenomenological quark-diadestription of

the decay amplitudes according to th&l/ (3) properties.

tan 6, = (Opn, = —19.5°), (2.19)
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We have no simple mass degeneracy for the casgofalready introduced in
Eq.[2.16) but note that the three angles of peculiar intenesrelated through

tan 26, = tan (Gph —0iq) (Oth = —27.40) (2.20)

with, quite incidentallyf,;, ~ 0y if the weak mixing angle turns out to be negative
as predicted by some unification theory.

With respect to possible enlarged symmetries covering tietodial SU(2); ®
U(1)y, we observe that the mass degeneragigs= m, andm,, = mg correspond
to the breaking pattern$O(9) — SO(4) ® SO(4) andSO(9) — SO(3) ® SO(5),
respectively. These patterns féy; and 6,;, can be understood from the fact that
SO(9) group admitsSU (2) ® SU(2) ® Sp(4) or, equivalentlySO(4) @ SO(5) as a
maximal subgroup [61]. However, such enlarged symmetregsgplicitly broken at
the level of the full effective theory expressed in termshafy () field and thus ac-
cidental. Consequently, the finite value of thg andd,,;, mixing angles should not be
protected against (quadratically) divergent quantumeddions. The fact that the re-
lations [2.18) and (2.19) are not natural can easily be qosfirthrough the following
one-loop computation.

2.2 One-loop corrections to the n — n’ inverse
propagator matrix

The unification value[{2.17) for the observable weak mixingla 6y, can most
easily be derived by requiring the one-loop fermionic citmition to theZ — ~+ mixing
diagram to be finite[[62]. In the same spirit, let us impose ¢hncellation of the
guadratically divergent one-loop corrections to the r’ mixing angled.

In order to compute these corrections, we need now to expaunalto the orderr?,
(o'} - k
U=1+) a (z\@?) . (2.21)
k=1

The parameted; may be absorbed into the definition pfvhile the even coefficients
are fixed by the unitarity condition [63]

1
a1:1, a2:§, a3:b, a4:b—§, (222)
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with b an arbitrary parameter. For= % we recover the standard form

U = exp <z J?”) (2.23)

also suited for an octet of pseudoscalars (for a review,|64B.[ But as shown in
ref. [65/66], any other value of b gives rise to the same T imathen all external
lines are put on the mass shell. Yet, one-loop correctiom® fthe kinetic part of
the Lagrangiar (211) induce in principle a momentum-depabg— n’ mixing term
which thus has to be taken off-shell. Again by analogy with #itale dependent
Z% — v mixing induced at one-loop in the Standard Model, let usdfeee introduce
the propagator formalism [67,68].

If we denote by—iA,,,,(p*) with x1, x2 = 7, ' the one-loop contributions
to the corresponding two point functions, the inverse pgapar matrixX can be
parametrized as follows

S = 1+ 2Zy) (P - m%) + 6m,27 — Ay (n%)
Sy = 1+ Zy) (0° —md) +0mi — Ay (%) (2.24)
27777' = 5m,2m/ - Am]/ (pQ) .

The last relation in Ed.(2.24) takes into account the faatglandr’ are decoupled at
tree-level, but leaves open the possibility for the oneplmluced mixing to depend
onp?. Imposing the normalization of the kinetic part®f,,, to be canonical and the
physical masses:,, to be the poles of the propagators, we identify

Zy, = Al (m3) (2.25)

XiXi

and

gmy, = Ay,x. (m3,) (2.26)

Xi
where the prime denotes the derivative with respegftoFrom a one-loop compu-
tation, we obtain the following quadratic dependences enullraviolet momentum
cut-off A:

Zy 3[(3 —200) + (4b — 1) cos 26]

Zyy 3[(3 = 20b) — (4b — 1) cos 20] —— (2.27)
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and
2
S 4my) = =2+ nd)
A2
4] (m%m%/) = —6m?2 (Zm% — mi) 4n /)’ (2.28)
with
Apy (p°) = { [3(4b— 1)p® + 2(1 — 8b)mF + 2(2b — 1)m2] sin 26
2
_ 2 2
+4v2(2b — 1) (m% — m2) cos 29} e (2.29)

Here, the pseudoscalar masseg . and the mixing anglé are parameters associated
with the lowest order Lagrangian defined by Egs](2.1) &ndlj2.In particular,n?
has been taken away with the help of the relation

m3 =2 (1~ 2v3cot20) (mi — m2) (2:30)

In general, the one-loop quadratic divergences can be labddy a redefinition of
the parameters in th€ (p2) Lagrangian. In fact, the corrections quadratic in the cut-
off can be identified with the = 2 pole in dimensional regularization. Here, a full
cancellation of theZ (p?,1/N.) divergent correctior (2.29) to the mixing requires

4v2(2b — 1) (m3 — m2)

2\ _
tan 20 (%) = 3(1—4b)p2 +2(8b— 1) m2 +2 (1 — 2b)m2 " (2:31)

Depending on the parameter b, the mixing angle defined if2Ei) is not a physical
quantity. The only way to get rid of the b-dependence is tooskp? = 2m?.. At
such a momentum consistently located betweemthadr’ masses, Eq.(2.81) then
provides us with an effective mixing angledefined at the QCD scale? :

. —2/2 (m2 — m2) .
2\ K T _ o
tan 20 (m2) = it D) (9 — 958 ) . (2.32)
We note that the same expression for an on-shell mixing ehgén be obtained by
simply fixingb = ;11 to cancel the momentum dependence in[Eg.{2.29). This vélue o
the parameter b, which suggests the other significant form

1+ -2
U=~ Vif (2.33)

V2f
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only suited for a whole nonet of pseudoscalars [63], ensé+ieslependent wave-
function renormalizations,e., Z,, = Z,, in Eq.(2.2Y). As a consequence, the only
chiral invariant mass operator that would absorb any demtrgs — 7, rotation at

0 (p*,1/N.) is proportional to

2
%7’ <mUT - UmT> <1nU - 1nUT> = (2m§( + mi) 77(2)
—2V2 (mf —m2) nons + 0 (n*) (2.34)

in full agreement with Eq.(2.28) and Hq.(2.32). So, the tgazbnserving global
SU(3)r, ® SU(3)r plays here the role of the enlarged symmetry which covers the
custodialSU(2); ® U(1)y. EQq.[23%) actually tells us that the chiral symmetry of

the full effective theory selects in a natural way one negatalue(d) for then — n/
mixing angle, without spoiling the GMO mass relation fo.

As already anticipated from the explicit breaking of theidental symmetries
SO(4) ® SO(4) or SO(3) ® SO(5) at the level of terms quartic in the meson fields,
neither6;, nor 6, are protected againgt> quantum corrections. On the contrary,
Eq.[2.32) tells us that the anglg, which optimizes the) — r’ mass ratio at lowest or-
der might be natural in the safe limit2 — 0. In the fundamental theory.¢., QCD),
the corresponding limitz,, 4 — 0 would, in principle, solve the so-called strong CP
problem. This rather intriguing link evidently calls forrfher investigations.

2.3 One-loop corrections to the ¥ — nrw de-
cay amplitude

For the purpose of computingtaindependent one-loop correction involving the
n — 1’ mixing, let us now consider a physical process with on-shaldr’ states.
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2.3.1 Tree-level amplitude

The tree-level amplitude for th§ — n7m decay reads

Ay = qrr) = fl_Q [2 (2\/§cos 26 — sin 29) (% - b> (m2 +m?, +2m?2)
. 1 -
+8 (2\/5005 260 — sin 26‘) (b — —) rm
8
5 s 1\
+4v/2 (cos 20 — \/2sin 29) b— 6 mg (2.35)

wherem,,, m,y andm, stand now for the physical masses since they come from the
momentum dependence induced by the kinetic terinin (2. 18ql{2.35), the second
term proportional ta- is due to the mass term in Eg.(R.1) and the third one arises
from the anomalous part given in Hg.(2.11). With the help@f{E30), we eventually

recover the well-known result that the tree-level ampltud
_mz

Ay — nrm) = 372

(2\/5 c0s 20 — sin 29) (2.36)

vanishes i) = 0,4 and is by far too small to reproduce the measured decay width.

2.3.2 One-loop amplitude

The one-loop corrections to the process— nr are associated with the diagrams

given in Fig.Z.2.

@

Figure 2.2: One-loop topologies for the — nrm decay amplitude.

The first topology corresponds to the corrections of thersegropagator given in
sectiorf Z.2. The second one involvesvertices and thus requires the introduction of
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the next two coefficients in the developmdni(2.21), namely

a; = ¢C
b2
a = Cc+ ——

5 +

(2.37)

N | o

1
16
As a result, the\2-correction to the decay amplitude is given by

/ m727 3 2 1 1
SA(n' = nrm) = 4—cos® 20 (tan29+\/§) tan® 20 + —— tan 20 4+ —

12 42 2
3 m2 1 2 A’
+4_1 m (tan 20 + m) tan 29} (47Tf)2. (2.38)

This correction is independent bfandc, as it should for any physical quantity, and
has been reproduced using the output of FeynRUules [69] aymthFs [70].

If we consider again the limit:2 < m?%, we conclude from Eq.{2.88) that the
optimal valuefy;, given in Eq[(2.2D) for they — ' mixing angle actually damps out
the quadratic dependence on the ultra-violet momenturnffut; as anticipated from

Eq.(2.32).

2.4 Concluding remarks

In the past, alternative ways to merge the large number afuesllimit into the
chiral perturbation theory have been used to study)the)’ system. In particular, the
combined expansion

P=00), —=0() (2.39)

advocated in ref [71, 72] is quite standard nowadays. ¢hapter, inspired by the
pseudoscalar mass spectrum, we rather follow the apprdadf.d73] where the
leading term in thel /N.. expansion is retained at each ordepf At the effective
level, this implies the hierarchy

ﬁ(po, 1/N.) >0 (p2,0) >0 (p4,0), (2.40)
namely

o (p*,1/N.) < € (p*,0) (2.41)
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with the largeN, limit denoted by a zero as in Eds.(P.1) ahd (2.11). It amotmts
remove the double trace term(2.34) as we{@sUU ") (0*UTU ) in the Lagrangian,
andto neglect the quadratic one-loop divergences which wandmalize them. The

n' — nmr decay amplitude and the— 7’ mass ratio are known to require sizeable
corrections beyond th€ (p2, 0) approximation and can thus distinguish between the
two working hypothesig(2.39) and (2141). In réf.][74] anti [86], the & (p?,1/N.)
contributions were invoked for the decay amplitude and tlasswatio, respectively.
On the contrary, in ref[ [75] and ref. [73] th& (p4, 0) contributions were favoured
for these physical quantities, respectively.

At ¢ (p*,0), the full set of corrections allows us to naturally reproeltice ob-
servedn — r’ mass spectrum. They do not fix by themselves the value of tkimgi
anglef but imply a splitting among the pseudoscalar decay corss{@6}. In partic-
ular, the measureflU (3)-splitting betweerr and K decay constants,

I =1+4e (2.42)

Ix
with € = 0.22 £ 0.01 of the order of(m% — m?2) /1GeV?, provides a rather interest-
ing link between our present work on the-  mixing and the so-called two-mixing-
angle scheme high-lighted in ref. [50]51]. The equations

2v2
98 = 0- 3 €
0 = 0+ 2\3/56 (2.43)

relate the universal mixing anglewhich diagonalizes the octet-singlet mass matrix
(after renormalizing the meson fields) to thg, angles associated with the octet-
singlet decay constants

(1+5) 1=
(1-3) fue (2.44)

Js
fo

At 0 (p*,0), € = 0 andfs = 6, buté cannot be determined. Yet, in this chapter, we
have explicitly checked that the mixing angle

O, = —%tan_l V2 &~ —27° (2.45)

which optimizes the—»n’ mass spectrum at lowest order is protected against quadrati
one-loop divergences in the safé¢ — 0 limit. This result vindicates the approach
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based on Ed.(2.40) sindg, is quite consistent with the physical mixing angle
O~ —(22+1)° (2.46)

directly extracted from the anomaloug¥ — n(n’)y decaysl[7B]. In fact, higher
order corrections are typically of the order of 20%, as nidélstrated in Eq[(2.42).

In consequencdy ~ —34° andd, ~ —10° within our specific momentum expansion
supplemented by a larg¥, limit. However, any physical process only evaluated at
the lowest order in the chiral expansion should rely on[E45@if it involves on-shell

or off-shelln (), as itis the case in (') — vy orin K, — (n, ') — ~~ decays,
respectively.
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Effective theory for the top pair
productions

Based on

C. Degrande, J.-M. Gerard, C. Grojean, F. Maltoni, and Gv&dr "Non-resonant
New Physics in Top Pair Production at Hadron ColliderdHEP, vol. 03, p. 125,
2011, 1010.6304.

C. Degrande, J.-M. Gerard, C. Grojean, F. Maltoni, and Gva@dr "An effective
approach to same sign top pair production at the LHC and tiveafal-backward
asymmetry at the Tevatron", 2011, 1104.1798.

Top quark physics is among the central physics topics ateélation and at the LHC.
The top being the only quark with a coupling to the Higgs ofesrdne, it is expected
to play a special role in electroweak symmetry breaking and eesult its coupling
to new physics could be large. Searching for beyond the SMipbyn observables
involving the top quark is, therefore, strongly motivatédoreover, the discrepancy

between the measured forward-backward asymmetry and itpi8iction tends to
confirm this theoretical presumption.

49
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A large effort has been devoted to search for new physi¢s iesonances [76-78].
While the current existing bounds do not forbid the existeotnew degrees of free-
dom that are within the kinematical reach of the Tevatronthed_HC, electroweak
precision data [79] together with constraints from flavoygibs make plausible if not
likely that there exists a mass gap between the SM degreesafdm and any new
physics threshold. In this case, the effects of new physi@a®M process like top pair
production can be well captured by higher dimensional atgons among the SM
particles. These new interactions are assumed to resptet aiymmetries of the SM.
Here, we follow this low-energy effective field theory apach. Our study concen-
trates on testing non-resondap-philic new physics. The study of some dimension-
six operators ont production at the Tevatron was initiated in Refs.| [80—84] fumther
explored in Refs [85—89]. In addition, the effects of higbanensional operators on
top anomalous couplings have already been discussed in[B@492].

In this chapter, we construct the effective Lagrangiansbfath opposite and same
sign top pair productions. Our analysis aims at identifyfihg effects of the new
physics on top pair productions, so it ignores the operattiish affect the decay of
the top [90] 93, 94]. Secondly, we link the main classes of efmdnd our effective

approach. The effects of the new physics on the Higgs-gisloan vertex are then
computed. As a matter of fact, any modification of the intdoacbetween the top

and the gluons might strongly affect the Higgs productiothat LHC since Higgs

production by gluon fusion is due to a top loop. Finally, wekat the most stringent
LEP constraints on our effective Lagrangian, the Z decay widths.

3.1 Effective Lagrangians

When working with an effective field theory, the startingqtas to consider the under-
lying symmetries. Here, we assume that the symmetries @hthegncluding baryon
number conservation, are unbroken by the new physics. Tingegavariant operators
of dimension-six built from the SM degrees of freedom wessified many years
ago in Ref.[[95] and they have been reconsidered recentlgin[86]. We shall focus
our analysis ortop-philic new physicsj.e., new physics that manifests itself in the
top sector, as well-motivated in a large class of theorid®tdiscussed in Sectibn 8.2.
The additional operators that affect top pair productiothaiit 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 affeproduction at tree-
level by interference with the SM amplitudes. Both at thealesn and at the LHC,
the dominant SM amplitudes are those involving QCD in quamkiguark annihilation
or gluon fusion. Therefore, we shall neglect all new intécars that could interfere
only with SM weak processes likg — Z(v) — tt. We are then left with only two
classes of dimension-six gauge-invariant operators [95]:

e operators with a top and an antitop and one or two gluons, lyame

Ogt = [ER’}/HTADUtR] Gﬁy,
Oy = [Qu"T'D"QL] G},
Ong = [(HQL) " Ttg] G;;‘V, (3.1)

whereQ;, = (¢, br) denotes the left-handed weak doublet of the third quark
generationt is the right-handed top quark.

o four-fermion operators with a top and an antitop togethehai pair of light
quark and antiquark that can be organized following theiiratistructures:

LLLL:

(’)(qu,l) = QT QL) (G, T ) |

ng) = (QL/YHTAUIQL)(QL%LTAUIQL)a (32)
RRRR:

of = (Fry"Ttr) (ar7. T ur)

0% = (T tr) (dry T dR) (3.3)
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05) = (QuA"T*Qw) (uny T ur)

0% = (Qu"T"Qu) (dr,T"dr) .

OS) = (@r"T*qr) (try. T ) (3.4)
LRLR:

OF = (QuT*tr)(@T"dx). (3.5)

whereqr, andug anddg are respectively the left- and right-handed components
of the two lightest generations.

Note that there also exist some color-singlet analogueB tifesse operators but they
do not interfere with the SM QCD amplitudes and thereforerarteconsidered here
(such operators can be generated b¥’' dor example). All the four-fermion opera-
tors are written in the mass-eigenstates basis and no CKNhgixill enter in our
analysis since we are neglecting weak corrections. Notethklt operators with a
different Lorentz or gauge structure, like for instari€v*Tq.) (gL y*T4Qr) or
(trY* T uR)(ury,T4tr), can be transformed (using Fierz identities, see Appl. A.1)
into linear combinations of the four-fermion operatorsdis above and their color-
singlet partners.

The LRLR operatorOEf) involves both the left- and the right-handed components
of the down quark . So, given the fact that QCD interactiorsdhnirality-diagonal,

it can only interfere with the SM amplitude after a mass itisarand therefore its
contribution to thet production cross-section is negligible and we shall nosater

it further in our analysis.

It is rather natural to assume the universality of new phygiith respect to the
light generations. In that limit, the contribution to thess-section from the second
generation is more than two orders of magnitude smaller tharone from the first
generation due to the different parton distribution fuoies (pdf). We shall therefore
concentrate on the contribution from the lightest genenatinly.

Our list (3.1)-{(3.5) of top-philic operators contains elrwperators. However, they
are still not all independent. Using the equation of motianthe gluons,

D G, = 9. > arvaT qy, (3.6)
-
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we obtain the following two relations :

O+ Ol =—g, > (0f) +0)+0%), (3.7)
generations
Osa + 0l =—9, > (05" +05)+05)). (3.8)
generations

The linear combination®,; — O;t andOyq — O;Q do not interfere with the SM am-
plitudes because the associated vertices are CP-odd ancewetaconcerned about
CP violating observables (see Réf.[[93] for a discussionassible observables sen-
sitive to CP violation). Consequently, the two operat@gs andO, can be dropped
in our analysis and only one two-fermion operator, nan}y,, interferes with the
SM gluon fusion process!

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

L (A72) = % <(chgohg + h.c.) + Z cl-a) , (3.9)

wherei runs over the seven self-hermitian four-fermion operavbisgs. [3.2)-L34).

In Eq. (3.9), the coefficient;,, might be complex. However, since we are concerned
with CP-invariant observables, only its real part entershim interference with the
SM processes and therefore we shall assume in our analgdis,this real. This
coefficient corresponds to a chromomagnetic moment forape t

The phenomenological basis

In Eqg. (3.9), we have identified eight independent top-pluiperators. Yet, additional
simple considerations are going to show that physical ehbées like thett pro-
duction total cross-section, the invariant mass distidoubr the forward-backward
asymmetry only depends on specific linear combinationsexfdtoperators.

The seven four-fermion operators can be combined to foreaticombinations with
definite SU (2) isospin quantum numbers. In the isospin-0 sector, it ih&rrtonve-
nient to define axial and vector combinations of the lightrgsa

Oro = Of) + 08 + O Ora = Of) + 0% — O

tq » tq >

(3.10)
and similar operators involving the left-handed top quarks

0L = O+ O+ 04, O =0 +O-05Y. (a1
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The reason is that the axial operators are asymmetric undextchange of the quark
and antiquark while the vector operators are symnﬂetric

(¢ (k1) 95T (k)] = — [9° (ko) ¥4 T4¢° (k)] ,
(¢ (k1) T2 (k2)] = [0° (k2) YT A9° (k1)) -

Therefore, the interferences @Iz, and Oy, with the SM will be odd under the
exchange of the momenta of the initial partons and thesd apirators can only
contribute to observables that are odd functions of theextiat) angle and certainly
not to the total cross-section. On the contrary, the opesddg,, andOy,, are even

functions of the scattering angle and can contribute;to

(3.12)

In addition, the operator®@g, andOy,, will obviously produce the same amount of
top pairs but with opposite chirality. Consequently, thindpdependent observables
associated to th& production are expected to only depend on the € + Oy,
while the difference&’g,, — Or,, will only contribute to spin-dependent observables.
Similarly, but with a sign flip, only their differenc&)r, — Or., can contribute to
spin-independent observables and in particular ta#kigferential cross-section after
summing over the spins. The orthogonal combinatity, + O, could contribute
to spin-dependent observables which are odd functionsed$dhttering angle, but we
shall not consider any observable of this type in our anslysi

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

. CRv = Citq/2 + (Ctu + Cta) /4
Cyy = Cry + CLp With { CZ _ nggc’,/l)/Q ‘(‘Ft(CQu j—d)c/Qd)/Zl (3.13)
and the forward-backward asymmetry will depend on the coatinn
CAa = Cha — cLa With { Cha = ~Ctg/ 2 (Cuu - cra) /4 (3.14)
CLa = —Cgq /2 + (cQu + cqa) /4.
The difference
CAv = CRv — CLv (3.15)
can only contribute to spin-dependent observables (se®8Ec1.5).
The isospin-1 sector is spanned by the three combinations:
Op, =04 =0, O, =03 —05) and 057 (3.16)

1The matricesCy#~5 are antisymmetric but the matric€y* are symmetricC' being the charge
conjugation matrix.
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Again, parity arguments lead to the conclusion that thd t@ss-section can only
depend on the combination

Gy = (Ctu — cta) /2 + (cQu — ca) /2 + o (3.17)

while the forward-backward asymmetry will only receive atrdbution proportional
to

o = (ctu — cta) /2 — (cQu — cQa) /2 + ¢4, (3.18)

As we shall see in Sectidn 4.1.2, the isospin-0 sector givesaerically larger con-
tribution to the observables we are considering than thepisel sector. This is due
to the fact that the up and down quarks contributions addab ether in the first case
while they subtract to each other in the second case.

It is interesting to note that, in composite models wherestheng sector is usually
invariant under the weak-custodial symmeti®(4) — SO(3) [97], the right-handed
up and down quarks certainly transform as a doublet of%ti€2) ; symmetry, and
thereforecq,, = cgq. There are however various ways to embed the right-hanged to
quarks into aSO(4) representation [98]: if it is a singlet, thepn, = ¢4 also and the
isospin-1 sector reduces to the oper@éj’f) only.

In summary, the relevant effective Lagrangianflioproduction contains a single two-
fermion operator and seven four-fermion operators cormvrelyi written as:

1
Etf = +F( (Chgohg+h'c')+ (CRUORU+CRaORa+C/Rr03{r+RHL)
+e) 05:Y). (3.19)

The vertices arising from the dimension-six operatorsmiveEq. [3.19) relevant for
opposite sign top pair production at hadron colliders apaded in Fig[(3.1L.

[¢] t t q t

g t t a t

(@) Chromomagnetic operat@r, (b) Four-fermion operators

Figure 3.1: A Feynman representation of the relevant operatorg#f@roduction at hadron
colliders.
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Non top-philic operators

As mentioned, we have only considered so far operators tldifynthe top inter-
actions. However, two additional operators can changettipeoduction. Namely,

Oc = fapcG},GP PGS (3.20)

modifies the three (and four) gluons vertex. All the quarkis paoductions are iden-
tically affected by this operator. However, its contrilmtibecomes sizeable only at
high energy. So, even if it can be seen in processes with nargki cross-sections,
they cannot necessary put stronger constraints on its cieeffi Moreover, this opera-
tor changes the jets production for various multiplicisésce this operator also gives
rise to five and six gluons vertices. Its effects on opposge sp pair production
were studied in Refs. [93,99-101]. The second operator [93]

One = H'HG},G*", (3.21)

induces the production of a virtual Higgs by gluon fusion ethihen decay into two
top quarks. On the contrary, this operator affects only taip 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 besuezd. On the one
hand, the asymmetry, due to quark antiquark annihilatesmall since the dominant
process at the LHC is gluon fusion. On the other hand, the L8& symmetric
machine. Consequently, the asymmetry can only be measuradstatistical basis.
However, some explanations of the forward-backward asytmynieply same sign
top pair production. The main advantage of this processeat HC is that its initial
state, quark-quark, is more likely in proton-proton cadiiss.

Only four-fermion operators can induce same sign top paidpction because it is
a AF = 2 process. As a consequence, it is possible to avoid (suppaagsnew
physics contribution to this process with the help of (apprate) flavor symmetries.
Any operator contributing to same sign top pair productiam e expressed as a linear
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combination of

Orr = [trY"ur)[trRY,uR]

o) = [Quy"ar] [Qryuar]

of) = [Quv"o'ar] [Qro’ar]

05:11)% = [ Qry QL} [tRYu uR]

Oy = [Quy'T4qL] [Eru T ur] . (3.22)

The relevant effective Lagrangian is then given by

1
et = 5 (cnnOnn+ 0L + 0] + 0L, + 508

A2
+h.e.. (3.23)

O(LlL) andO(LgL) contain the same product of neutral curréfts/“uy] [t1y,ur], which
are relevant fomu — tt. In addition, they containb;v"dy| [b.7,dr] which can
contribute to theB,; mixing and to di-jet production. For example, the linear tdm

nationcr;, = c(le + c(L?’z can be strongly constrained from the former [102]

1TeV\>
|cLL|< T > <23x107°. (3.24)

The difference between the twioL operators in Eq[(3.23) is thus in the product of
charged current$,y*d.] [bry,ur] presentonly irO(L? and affecting the top decay
as well as single top productian [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. [103je construction of
an effective Lagrangian for the fermionic sector was diseddn details in Ref[ [98].
It relies on the assumption of partial compositeness, nmegttiat SM fermions are
assumed to be linearly coupled to the resonances of thegssextor through mass
mixing terms. The composite models are characterized bynastreng interaction
responsible for the breaking of the electroweak symmetdytawadly parametrized
by two parameter§ [104]: a dimensionless couplipgnd a mass scaie,. The latter,
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associated with the heavy physical states, was generibafigted\ in Egs. [3.9) and
(3:23). In order to alleviate the tension with EW precisiataj we assume that in
the limit where all the gauge and Yukawa interactions of thé &e switched off,
the full Higgs doublet is an exact Goldstone boson livinghe®/H coset space of
a spontaneously broken symmetry of the strong sector. |Ih awmasef, the decay
constant of the Goldstones, is related;feandm,, by

mp = gpf (3.25)

with 1 < g, < 4n. The effective Lagrangian of the gauge and Higgs sectors was
constructed in Ref[104].

At energies below the resonances masses, the dynamics tdpheector is de-
scribed by the usual SM Lagrangian supplemented by a fewehidimensional op-
erators. Simple rules control the size of these differemtrators, referred as Naive
Dimensional Analysis (NDA)[105,106]. Inspired by the ratlsuccessful chiral per-
turbation approach to QCD at low scale (seen Chhp. 2), NDAiges the following
rules for the effective operators beyofdd,;:

1. first, multiply by an overall factof?;
2. then, multiply by a factm}— for each strongly interacting field;

3. finally, multiply by powers ofr, (instead ofA) to get the right dimension.

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

e Operators that contain only fields from the strong sectorcatied dominant
because their coefficients scale Ii@@ In most composite top models, only its
right component is composite to avoid experimental coimgsdsee Seck. 3.4).
In this case, there is only one such operator since the calet equivalent is
related to the color singlet by a Fierz transformati@f( = 1/30R),

Or =(trY"tr)(trRVulR) - (3.26)

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

ol = (QLy"QL) (QLvuQ1L) , 0¥ = (Qur"T*QL) (Qr T QL)
(3.27)
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In the most general scenario where both chiralities are ositgy two additional
operators should also be considered,

(91(91) =(Qr1uQr) (trVutr) 01(98) = (QL%TAQL)(ERWTALLR) :
(3.28)

Needless to say that none of these operators contributeeatevel tott or ¢t
production. Yet they are relevant for direct productionafiftop-quarks (see

Sectiori 4.311).

e Operators which contribute directly té and¢t productions are subdominant.
On the one hand, the four-fermion operators given in Hqd9j3and [3.2B)
contain at most two fields from the strong sector and theiffiotents (cr/ 1.,
CR/La» CR/Lr QN cgf)) scale Iikegg at best. On the other hand, the coeffi-
cientcy, associated with the operatél,, scales a@;l (if only one field is
composite),gg (if only two fields are composite) qf, (if the three fields are

composite)

In the limit g, ~ 4, the one-loop contributions of the dominant operatbrs@g-2
(3.28) to opposite sign top pair production may be as largiadree-level contri-
butions of the subdominant ones given in Seclion B.1.1. Mewehe chiral struc-
ture of the dominant operators are such that their one-looctions (see Fi§. 3.2a
and3.2 b) simply amount to redefining the coefficients andcy,, in the Lagrangian

(3.19) [107]:

5Cro (8) 4 A2 (8) A2
o= Tl (—2) + 2 log (—2)
g5 3 (4m) m 3 (4m) my
(8) (1) (®) 2 (®) 2
v —4 A 2 A
bco _ cp Aoy 80 /3, (—2) + =L _log <—2) (3.29)
9s 3 (4m) my 3 (4n) mg

wherecp, c(Li) andcg) are the coefficients of the operaiOr, (’)(Li) andOg) respec-
tively. The operatofi . tr) (trtg) and(¢grtr) (trtr) would induce a modification of
chg at one-loop[[10[7]. HowevelSU (2) gauge invariance requires to consider loop
corrections induced by a dimension-eight operator (iKe&)t) (HQt) with the Higgs
field H replaced by itvev(see Fig[3.2b).
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R (L, R) I (L, R)

(L,R) , (L,R)
R L

(L, R) (L, R)
(a)
|

; L LR I L

R + L

Figure 3.2: Typical one-loop contributions of (a) the dimension-siveradors [(3.26)£(3.28)
leading todcr, anddcy., respectively once the equation of motign {3.6) is used, ahdhe
dimension-eight operatdiH Qt) (HQt) leading todcy, if one chirality-flip is considered in
the loop.

3.2.2 s- and t-channel exchanges

In this section, we focus og andt-channel exchanges because they can induce
both same and opposite sign top pair productions. Howevelnannel exchanges can
also be advocated to explain the Tevatron forward-backaaydhmetry[[106-111].
While the exchanges of heavy vectors and scalars lead tefdomion operators (see
for instanced Ref[[87]), they cannot contribute to the topmomagnetic moment at
tree-level as a consequencedif (3). gauge invariance (see Fig. B.3a). Only higher-
dimension effective operators quadratic in the gluon fatténgth can be induced in
this frame. For example, a heavy scalar or tensor induceseddvel the operator
(HQt + h.c.) G, G*™ or (HQt — h.c.) G,,G" (see Fig[3Bb). So, the operator
Ong can only be generated at the loop-level and is suppressedéand¢- channel
exchange models.

In the following, we will consider model in which at least thp and top quarks
are coupled to the new degree of freedom. Adding the rightted down quark is
irrelevant for same sign top pair production and is quitaightforward.
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(L, R) (L,R)

(L, R) (L, R)

Figure 3.3:0ne particle exchange contributions4er in Eq. [3.19): (a) the five four-fermion
operators can be directly associated with the exchange pihalsresonance once Fierz trans-
formations are used, (b) the single two-fermion operélgy can be indirectly associated with
the exchange of a spin-0 or spin-2 resonance coupled to twamglvia a fermion loop.

Link with a t-channel exchange

t-channel exchanges invoked to account for the Tevatrondiatwackward asymme-
try might imply a large same sign top pair production at thedLA12/113]. In the
case of &-channel exchange, the currents and the densities havdla/bechanging
to generate top pair productions. The two possible curiemeats

Th =ty ugy x (8/T55) (3.30)
and

T = Qv x (65/T5) % (Sap/ols) .- (3.31)
Similarly, we have two densitiese.

dp = tra), x (6:5/T%}) (3:32)
and

dp = Qiuly x (6:/T5) - (3.33)

The color and the SU(2) structures have to be chosen acglydim the quantum
number of the exchanged particle. Tabl 3.1 shows the camfficbf the operators of
Eq. (3.22) for any possible particle exchanged inttlibannel using the relations of
Sect[1.2. If the new physics is in the reach of the LHC, thiedefipling of all vectors
have to be very tiny to satisfy Eq. (3124). In consequencayil@assume thagy; = 0
for the vectors in the following.

While no relation exists in general between same and oppsigjh top pair produc-
tion, in the special case of a flavor changinghannel, each vertex can be replaced
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spin | SU@) | SU@) | Y || crr | &) | &) | ek | %
1 1 1 ol 1| -% —¢

1| 8 1 o 1| -5 |-& —¢
0 1 2 |1 56| ¢
0| 8 2 |3 -5 | ¢
1 1 3 |o —L

1| 8 3 |0 —3¢2 | B

Table 3.1: Coefficients of the operators up to a global fagfofor all possiblet-
channel exchanges (of mad$s = A) identified by their quantum number§ (=
T5+Y). ¢ = g—; with g1, (gr) the coupling to the density;, (dr) or to the current
Jr (JR)- |

by its hermitian conjugate (see FIg.13.4) if the exchangetigha is self-conjugate.
The connection with the coefficients of the operators reiefa ¢ production in the
allowed cases are displayed in Tab] 3.2.

[ t [ t
8,12,Q=0 8,12,Q =0
U t U t

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

Link with a s-channel exchange

The effects of any heavy gg-resonance relevantiffproduction (listed in Ref[[114])
can be approximated by the four-fermion operafors{3.2@yaenergy (see Tab. 3.3).
The associated current is

T = [ag) 'y q), x (S4/AD) (3.34)
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Spin| SU(2) | Y Cv Vo CAa g
1 1 0 -3 ~1 -3 -1
0 | 2 |4 -3(l+3) | 4] 5(l+3) ]| 4

Table 3.2: Expressions of the parameters relevaritiagp to an overall facto(rgR|2 for
a color singlet particle of mast/ = A exchanged in the-channel. The coefficients
for the corresponding color octets are obtained by muliiglyhem all by—%.

where 54 and A4 are respectively the symmetric sextet and anti-symmetric a
triplet representations ofU (3).. normalized as l(rSASBT) :tr(AAABT) =648 /2.
The associated densities are given by

dy = %5 up (3.35)
and
db = g S%eolqy (3.36)

wheres = io2. Similar current and densities can be defined for the top. |8ramnti-
triplet scalar cannot contribute because its couplingysnasetric under the exchange
of the two fermions. It should also be noted that only axi&cfer) couplings con-
tribute to theuu — ¢t for the color sextet (anti-triplet) iso-doublet resonaicéhe
cases of scalar and vector sextets were treated in Refs/I16p In general, same
sign top pair production through anchannel particle exchange cannot be related to
opposite sign top pair production because of color andritatitarges (see Fig._3.5).

Spin| SUR) | SU(2) | Y || crr c(le c(LSz c(Lll)% c(LgI)%
s 2 [ ny
1] e |z |3 S
o | & | 1 |[a) 2

o | 6 | s |4 |-af-

Table 3.3: Coefficients of the operators up to a global fagtgs for all possible s-
channel exchange (of madd = A and with a couplingy; (g3) to the first (third)
generation quarks) leading toproduction identified by their quantum numbers.
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u

u

Figure 3.5: Diagrams for same and opposite sign top pairymtiechs through an
s-channel particle exchange.

As already mentioned in Sdc.311.1, only color oetehannel exchange can interfere
with the SM amplitude. Moreover, since the interferencélie only product of den-
sities [3.h) is suppressed by the light quarks mass, onlprvegchanges remain. The
associated currents can be red directly from Hgs] (3.2L.#).(F he straightforward
connections with the operators of Eds. {3.3)10l(3.4) ismgiveTab[3.4.

Spin| SU@) | SU@) | Y || ey | e | B | et | e
1 8 1 0 || gr39r1 | 9R39L1 | 9L39R1 | 9L39L1
1 8 3 0 gr3gri

Table 3.4: Coefficients of the operators up to a global faetorfor all possible s-
channel exchange (of maddg = A and with a couplingyr: (9r3) andgri (gr3)

to the right- and left-handed first (third) generation qsandspectively) leading t&

production identified by their quantum numbers.

3.3 Corrections to the Higgs production

3.3.1 The chromomagnetic operator

The chromomagnetic operatoy,, induces in addition to the vertices drawn in ffig]3.1
similar vertices but with a Higgs leg added. The diagramdHiggs production are
depicted in Figl_316

As in the SM, the leading correction froé,, leads to the operat@; . Since both
operators are of dimension-six, the one-loop amplitudesogyarithmically divergent.
In the large top mass limit, the SM and chromomagnetic one-kontributions can
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B e

Figure 3.6: Chromomagnetic operator contribution to Higgsduction by gluon fu-
sion. In the first two diagrams, the two gluons can be intargkd. The amplitudes
of the last two diagrams vanish due to color conservation.

be written as

depg a1 R (chg) mev Adut

whereA ., is the cut-off scale. Taking = Ay = 1 TeV, m; = 175 GeV,v = 246
GeV andgs; = 1.2, we obtain

ag 1
dcnG 3075

(14 R (cng)) - (3.38)

Consequently, the chromomagnetic operator can strondharere or suppress the
Higgs production rate at the LHC. If the Higgs is not seen, ~ —1 may explain
its absence. It is thus important to probe this region of grameter space.

3.3.2 Composite Higgs

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

Oy H'H (HQs3) Prt
Owr = H'D,Hty"Pgt. (3.39)

In the case of a left-handed composite top, the additionalidant operators ar®@y
and

OHL = HTD;LHQ’YMPLQ
0%, = H'o'D,HQo'+"PLQ. (3.40)
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When both chiralities are composite, all the above opesateed to be included. How-
ever, it should be noted that the operafdy is enhanced by a factat, in the latter
case.

For all the above operators, their one-loop contributiondiggs production come
from the same diagram as in the S8y renormalizes both the top mass,

my = yt% + %2(\6/’; X—Z = y;% (3.41)
and the vertextt,
ot~ gl (yt + §é)fe(cH) U—Z)
V2 2 A2
_ Eth% (1 + %\(/cg) %X—Z) +o (%) . (3.42)

The SM amplitude for Higgs production by gluon fusion camthxe multiplied by
this last factor to take the effect 6¥5 into account.

The operator® g, Oy and og’; do not have any contribution to this process.
The vertexhtt comes from the sum of those operators and of their hermitiajue
gate@. The relevant part of the operators can thus be written as

/) I
Oy (HTH) ty"Pr 1t < (H'H) a,LM x

(H'H) 0,J% (3.43)
because the vectorial current is conserved. Their coriioibsl to Higgs production
through the effective operatéf' HG**G,,,,, generated by the anomaly, vanish due to

parity.

3.4 Z decay constraints

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

2This combination is invariant under custodial symmetry aad thus not be constrained by the
parameter.
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written as a product of two currents, the amplitude of thgdien depicted in Fid. 317
can be written as

4k i
(2m)” F—d-
wheregr,, is the Z coupling to the right/left-handed top which shoutd dhosen
accordingly to the first chirality projector in the integrahe second chirality projec-

tor comes from the top current in the considered operatoe. arhplitude for a color
octet current vanishes due to color conservation. If thefivagectors are identical,

o T
M = cigr/rJles (q) / Tr [w Ve szM’Yi (3.44)

(X

q

Figure 3.7: One-loop correction to the Z couplings to therupafrom the four-
fermion operators.

the integral is

L = / d'k K (k—q)” + K (k=) —k(k— )"
e k2= m) (k- a)” - m3)
B / / d'p Wy S+ (207" — 0" e?) w(z — 1)
(p? — A)?
/0 dz1ln (AE”) [—2A0" + 2 (2¢"¢" n“"qQ) a(x—1)]
(3.45)

(47T)2
wherep = k — gz andA = m? + ¢*z(z — 1). In the last step, we have neglected the

finite terms. In the limitn? > ¢> = m%,

i A2 2
L= — i (2D | —om2em — Zgrev] 3.46
' 4n)? n(?ﬂ?) [ T g q] (3.40)
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The term proportional t@” vanishes for on-shell Z boson after summing over the
polarizations. If the two projectors are different, theeral is

B d*k 2mint
b / <27f>2 (k?—mf) (0= a)* = m?)

B 2m2nHv
= N .
- / 2 2m? " In <’§ ) (3.47)
Neglecting again the Z mass, we obtain
I, = ﬁmeﬁ‘“’ In <%§t> . (3.48)

TheZ — bb is the most precisely measured branching ratioi[],

Br (Z — bb) = 15.12 £ 0.05%. (3.49)

At the end, only the operato(Q(Ll) andOg) correct the bottom quark left coupling
through a top loop,

2 2
b _ o @]mi 1 Al
097, =2(9r — 91.) {20L Ch } A2 (471')2 In m (3.50)
ForA = Ao = 1TeV,
Br (Z — W) ~ Br (Z — bb) g, (1+0.003 2 — ). (3.51)

Consequentlyc(Ll) and c;” should be at most of order one. TH&b couplings do
not receive contributions of the color octet operators dweetop loop. However, they
also modify theZbb coupling when a bottom quark is in the loop. In this case, the
mass of the Z cannot be neglected anymore and will take mdes®the place of the
top mass. Taking into account the color factor and the it over the Feynman
parameter, we obtain

8 m% 1 A2
b (8) Z cut

or with the same numerical values as above

Br(Z = bb) ~ Br (Z — bb) 4, (1 — 0.00012 ). (3.53)

(8) can thus be easily as big as 25. The last oper@@ does not contribute because
|ts color singlet partis as a product of two densities. Theasponding integral is then
proportional tog”.



3.4. Z decay constraints 69

The operators in Eqsl_(3.2) tb (B.4) do not modify the cogdiof the Z to the
light quarks since they are color octets. However, bothroobbet and singlet can be
present in the case of a t-channel exchange for example rtieless, the constraints
are weaker since the associated decay widths are lessglyatisasured |9] and the
coefficients of those operators are of order one rather thﬁrg%.
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Chapter

Phenomenology of top pair
productions

Based on

C. Degrande, J.-M. Gerard, C. Grojean, F. Maltoni, and Gv&dr "Non-resonant
New Physics in Top Pair Production at Hadron Collider§HEP, vol. 03, p. 125,
2011, 1010.6304.

C. Degrande, J.-M. Gerard, C. Grojean, F. Maltoni, and Gva@dr "An effective
approach to same sign top pair production at the LHC and tiveafal-backward
asymmetry at the Tevatron", 2011, 1104.1798.

Tevatron has brought top physics from discoveéry [7, 8] tcciien era. In fact, the
D0 and CDF collaborations have already provided an impredist of measurements

71
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of the top properties (see for example REef. [118] for a receview). Tevatron data
have been intensively used to put constraints on new phiikeegaew resonances or
direct production of new states decaying into top quarkshisichapter, we comple-
ment those studies by constraining the new operators offtbetige Lagrangians of
Chap[3. Only quark-antiquark annihilation can be probedefevatron because this
process is dominantin proton antiproton collisions. Asiaseguence, LHC opens the
access to an almost unexplored territory, namely top pailyetions by gluon fusion.
Moreover, new processes like associated top pair prochetiight show up due to
the higher energy of the collisions.

In this chapter, we compute several key observables for sifgsign top quark pair
production. Those results together with both the Tevatrahthe first LHC measure-
ments are used to constrain the parameter space of oundfapproach. The New
Physics (NP) effects at the LHC are then analysed in the allior@gion. Secondly, a
similar analysis is done for the so far unobserved same sigpair production. In

particular, the production rate at the LHC, necessary imas¢ the discovery poten-
tial, is given. Finally, the LHC signals for top pair prodiget 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 calculatechatsame order ini/A as
the Lagrangian in Eq[(3.19)

|MJ? = |Msa|” + 2R(Msa My p) + 0 (A7), (4.1)

where My p represents the matrix element of all the (new physics) dgioensix
operators introduced in SectibnB.1. T#ig A~*) contributions can be divided into
to part :

e The interference of the SM with either dimension-eight apanrs or with dia-
gram with two effective vertices coming from dimension-gperators.

e The squared amplitude of all dimension-six operatorsuiticlg non interfering
ones Iike(’)gs) or color singlets.

From the Lagrangian in EJ.(3.119), the two parton-level srssctions fort produc-
tion at & (A~2) follow from the Feynman diagrams depicted in Fig.]A.1 Bnd &f2
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App.[A.2. Their expressions are :

do , _ dosy cyy £ cgv S
— tt) = 1+ —2 =
g (40~ t) at < RN
1 a, A —
—|—P 052 Caq £ ) s(re — 1) + 4gschg\/2vmt
(4.2)
do dosy UMy Chg 1 3
— tt) = 20050 —— -2 | —— — = 4.3
dt (99 — t) dt +V2a 9 s2 A2 \61imp 8 (4.3)
where the upper (lower) sign is for the up (down) quarks and
dosy , B 4o 9 9 P
dt (93 —tt) = 952 (7'1 +7+ 2) (4.4)
dUSM o Waz 1 3 2 2 p2
a (99 = tt) = 2 \6mm 8 (p+m+75 47_17,2) (4.5)
_ 2y 2 Am?2
with m = e —° o _Memw A (4.6)
S S S

The Mandelstam parameteis related, in thet center-of-mass frame, to the angle
0 between the momenta of the incoming parton and the outgomguark by ¢ =

i

mf—t:%(l—ﬂcos@). (4.7)

All the contributions to thet differential cross-section but the one proportional to
caa £ “4= are invariant undef — 7 — 6.

Similar results have already been derived in the literatéa@ instance, these cross-
sections were recently fully computed in Réf.[[93] and cstasit with our expressions
with the identifications given in Table4.1. This non exhaugstable also gives the

correspondences with respect to some other recent worké388619]. Note that the

contribution of the chromomagnetic operatdy, was extensively discussed in the
literature [81=84] and recently revisited for both proessie Ref.[[88, 89].

As can be seen from Eq§.(#.5) abd [4.3), the new physics an8Nhcontributions
for gluon fusion have a common factor. In fact, this commartdais what is mainly
responsible for the shape of the distributions of the SMsThthe reason why, as we
will stress again in the following, the operai6y,, can hardly be distinguished from
the SM in gluon fusion.
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Ref. [07] Ref. [B6] Ref. [119] Ref. [B7] |Ref. [8€]

Chg 2Cia gi9s %03%;(15

[~

2
—g2920) |22 (kY% + k% + kY + £4) ) 1 (C1 + Cy)
2

(%) % (C1 —C9)

CL+CZ+CL+C3

2
cl-c2+cl-c? Ie (k% + kG + £Y + K

Cl+02-Cl -2

2
9s u _ ,.d u
5 (R — KR +RL — &

2
g d
S (kg — KR+ KL — K

o
S
2

T I TSR PN

~ |||

)
)
)
)

— |~ |~ [ —

cl-c2-cl+C?

Table 4.1: Dictionary between our parameters and thoseingedent papers on the
subject. They all agree up to a sign for those that are labsted*). For Ref. [93],
0152’3) = cgf). Blank entries mean that the corresponding operators vwereomsid-
ered.

Equation[(4.R) shows that only two kinds of four-fermion maters actually contribute
to the differential cross-section after averaging oveffiti@ state spins:

o the first one is responsible for the even part in the scatiexirgle proportional
to ey, + 952

T At gy T (4.8)
where here¢ andq = u, d stand for the full 4-component Dirac spinor;

e the second one is responsible for the odd part in the saajtanigle proportional
t0 caq £ 42

tyys Ty vsT . (4.9)

4.1.2 Total cross-section

LHC—Tevatron complementarity

Since the dependence o, andcd/,, vanishes after the integration over the kinemat-
ical variablet, the total cross-section only depends on the three parasngig cv,,
andc|,,. Moreover, thet production by gluon fusion only depends on the coefficient
of the operato©;,. Our results fort¢ production are obtained by the convolution
of the analytic differential cross-section of Eds. (4.2} §4.3) with the pdf (taking
CTEQ6L1 [120]). We have also implemented the new verticeglauGraph [[121]
and used them to validate our results. At leading order, we ha
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— atthe LHC (/s = 14 TeV):

1Tev\?
o (99 — tf) /pb = 4667155 + (127733) cng (T) , (4.10)
o (g7 — tt) /pb = 72715+ [(1517) evo + (1755) eng
1Tev\?
s () (4.11)
o (pp — tt) /pb = 538T15% + [(1517) vy + (144737) g
1TeV\>
+ (1.3270:13) c’VU]<T) : (4.12)
— atthe LHC (/s = 7 TeV):
o (pp — tt) /pb = 94337 + [(4.525:¢) evo + (25755) cng
1Tev\?
P (S ). @
— at the Tevatron\{s = 1.96 TeV):
o (99 — tt) /pb = 0.35703% + (0.107903) en (1 TAeV) : (4.14)
o (g7 — tt) /pb = 5.80%3 35 +[(0.8701F) cve + (1347050) eng
1 TeV
F O 4.
(4.15)
o (pp — tt) /pb = 6.15 751 +[(0.87105F) evo + (1.447535) eng
1Tev\”
+ 031788 ) (1)
(4.16)

Numerically, the contribution from the isospin-1 sectdy () is suppressed compared
to the contribution of the isospin-0 sectei/(,) and this suppression is more effective
at the LHC than at the Tevatron. This is due to the fact thafeaatron, the top pair
production by up-quark annihilation is betwegmand6 times bigger than by down-
quark annihilation. At the LHC, this ratio is reduced to 1My First, in a model
independent analysis, we shall neglect the contributiomfthe isospin-1 sector since
it is subdominant. They will be included in Selt. 4]1.6 fonswaining the heavy
particle exchange models.
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The measurements of the total cross-section at the Tevatrdat the LHC are com-
plementary as shown in Fig_4.1. As expected, the LipC— ¢t total cross-section
strongly depends af),,. Consequently, it can be used to constrain directly thevaitb

range forcy,4. On the contrary, the corresponding Tevatron cross-sediépends on
bothcy, andey, and constrains thus a combination of these parameters.

4

cwX (1TeV/A)?
o

Chgx (1TeV/AY

Figure 4.1: Region allowed by the Tevatron constraints tfar ¢;,, = 0. The
green region is allowed by the total cross-section measemenirhe blue region is
consistent with thet invariant mass shape. The thin red lines show the limitsget b
the LHC at 7 TeV. The thick red lines show the limits that carsbeby the LHC at
14 TeV (thick line) as soon as the precision on the top pagsgection reaches 10%.
The “0¢" line delimits the region where the new physics contribasiare smaller
than the theoretical error on the SM cross-section. Theethgly = ur = 5t),
dotted (ur = pr = 2m,) and solid linesgr = pur = my = 174.3 GeV) show the
estimated theoretical uncertainties.

In Fig.[4.1, we use the NLO+NLL predictions for the SM crosstion of Eqs.[(1.56)
and [1.5b) and combine the errors linearly. For the expearaievalues, we use the
CDF and CMS combinations of all channels given in EQs. (1e5®2) [1.58) respec-
tively and combine the errors quadratically. At 14 TeV, weuaise that the observed
value is the central value of the NLO+NLL prediction [28],

ot TV = 832175 (scalg T35 (pdf) ph. (4.17)

with a experimental error of 10% since no measurement idadblaiyet. Due to the
rather large uncertainties on the theoretical normatimatihe region allowed by the
total cross-section measurement remains large. Even iéxperimental precision
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becomes very good, a rather large allowed region will rendai@ to the theoretical
uncertainties. An improvement of the theoretical predittior top pair production

in SM is necessary to reduce the allowed region. The theatatincertainties for
the new physics part are estimated by changing the factiorsacaleur and the
renormalisation scalgz. The errors from the pdf are not computed. The errors on
the exclusion regions at the LHC are not shown but are ab&ét&td are symmetric
(10% on each side of the allowed region). A summary the eiatuggions is shown

in Fig.[4.2.

4 —
[Tevatror

cwx (1TeV/A)?
o
T

CngX (1TeV/ A)2

Figure 4.2: Summary plot (defining the exclusion regioRat The yellow region is
excluded by the Tevatron. The green region is excluded by BHCTeV.

The absence of a large deviation in the measurement of tiss-sextion at the Teva-
tron impliescy, ~ —1.6 ¢y if the scale of new physics is rather low. From the
discussion at the end of the classification of Sediion Biedipuld mean thaty,,
and ¢y, are both of theﬁ(gg), indicating that either both chiralities of the top or
one chirality of the top and the Higgs boson are compositdgieCompared to the
SM prediction, this would give a maximum deviation of the erdf 25% for thett
production cross-section at the LHC wheyp (11—8\’)2 ~ 2.

Domain of validity of the results

Our calculation is performed at ordéi{ A—2) as we keep only the interference term
between the dimension-six and the Standard Model and wecteghy contribution
suppressed by higher power &f The validity of our results is thus limited to values
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of new coupling parameters andsatisfying

O‘|ﬁ(A*2) Z K O‘|ﬁ(A*") (4.18)

wheren > 2 andx should be at least 2 in order to keep higher order the coorecti
below 50%. We have estimated the size of the\ —*) contributions by computing
the squared amplitudes of each dimension-six operatorsMéidGraph and we find
at the LHC for 14 TeV:

1Tev\?
oloa-1) ~onpr = (22565, +3.7¢,) X (T) pb (4.19)
and, at the Tevatron,
1 TeV\*
olpaosy ~ onp: = (0.103 63, +0.060¢,) x (Te) pb (4.20)

Therefore, at the Tevatron, our results apply to a regioreodmeter space bounded
by || (%’)2 < 14/k. Atthe LHC, since the center-of-mass energy is larger, the
reliable region shrinks t@, | (%’)2 < 6/k and|cy, | (ﬂ—ev)2 < 4/k. Neverthe-
less, outside this region, the effects of the new physicslsh@main more or less of
the same order excepted of course if there is some huge Giarel Moreover, the
cross-section is expected to be harder and harder as ofecatoigher dimensions
are included in the effective Lagrangian. Ultimately soragonance threshold will
be reached, leading to a radically different cross-sectian the one predicted by the
Standard Model.

It was found in Ref.[[122] that for the four-fermion operatoihere are/'(A~*) cor-
rections from non-interfering contributions that can he@dt as large as th&(A—2)
interfering contributions at the LHC it ~ 1 TeV. However, at the LHC, these four-
fermion operators give small contributions compared todin@momagnetic opera-
tor. So we can conclude that including non-interfering farmion operators will not
change much our numerical analysis.

Finally, to have an idea on how heavy the particles assatigith new physics should
be to allow an effective field theory treatment at the LHC, wenpare in Fig[4]3
the correction to the SM cross-section at the LHC due #®a(whose coupling to
d and t quarks is 1) and the correction due to the correspgreffective operators
(Cyy = -1/2, C{,, = =1, A = My~). This plot shows that foMy > 1.5
TeV the effective operators are a very good approximatigntua few percents) at
the LHC, although this depends on the coupling. We will showFig.[4.T that a
similar conclusion is reached at the Tevatron. Consequeht resonance models
cannot be constrained in our effective approach since tblesign regions in Fid. 412
correspond, for example, to a relatively light resonande € TeV) with a coupling

of order 1.
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Figure 4.3: Correction to the SM cross-section at the LHCtda@#?’ and comparison
with the effective field theory approach.

Comments on the non top-philic operators

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

1Tev>2

do (pp — tt) /pb=[0.019 c¢ — 0.0056¢h6) ( A

(4.21)
where the mass of the Higgs has been fixed at 180 GeV for the watign of the
cha coefficient. However, even at the LHC (14 TeV), their condtibns remain rather
small,

1Tév)2

50@m—+ﬁ%@b_ﬁwcc—8sq@]< n

(4.22)
On the one hand, it is known that it is very hard to see thefiatence of QCD ampli-
tude with the Higgs boson at the LHC [78]. This contributiemains small even if we
increase by about an order of magnitude the gluon-gluomg$tigrtex. On the other
hand, the interference between tt%; operator and the SM is proportionatm?
because the color octet vector part of the SM amplitude is@btder3? [123]. Con-
sequently, its contribution vanishes at threshold andtignbanced at high energy. On
the contrary, the amplitude squared of this operator ielberause thg suppression
disappears foO and the cross-section grows like So quark pair production does
not seem to be the best place to look €&. Those results have been obtained with
MadGraph 5[[124] fopugr = g = m; and using CTEQG6L1 pdf set [1R0]. The model
has been automatically generated from a FeynRules| [125pmmihg UFO [[1256]
and ALOHA [127]. The FeynRules model has also been used tokctie analytic
results with Ref.[[93] in FeynArts/FormCalc [[70,128].
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To sum up, the contributions of the non top-philic operatmes numerically small.
Consequently, our analysis would not change drasticaknef/they would be in-
cluded.

4.1.3 it invariant-mass, pr and n distributions

It was shown in Ref.[86] that the operatdafs, and Or, can modify the invariant
mass distribution at the Tevatron without drastically efffeg the total cross-section,
although no constraint was derived explicitly. We use irs gection the latest CDF
data [30] to further constrain new physics. See also ReB][fdr a similar study on

the LLLL and RRRR operators with the first data [29]. Since we have already used
the measured total cross-section to constrain the paraspetee here we only employ
the shape information.

For the sake of simplicity, in our analysis we assume thatieasured values:;
are normally distributed around the corresponding théakpredictionst; with a
standard deviatiow; given by their errors. Errors coming from different sources
have been combined quadratically. We multiply by a commee froefficient, the
theoretical prediction to get rid of the normalization ciamt. In practice, we use the
best value fo. The quantity
n 2

M (4.23)
i=1 i
is then distributed as g? with n — 1 degrees of freedom. The theoretical predictions
are obtained by integrating Eqk._(#.2) ahd](4.3) over théexirag angle. The explicit
formulas are given in Apjp._Al3. The SM distribution is comguiait the tree level and
normalized to the NLO+NLL result. The errors on the conttid of the operators
are estimated by changing the factorization and renoratfdiz scales. We take into
account the bins between 350 GeV and 600 Ge\( 13). We cannot use the full
distribution since our calculation only makes sensejfp|+: < 1. Som; S 1 TeV
if A ~ 1 TeV. The boundn,; < 600 GeV seems reasonable since, even in the region
lgnp|(HI8Y)2 ~ 4, the estimation of the/A* corrections fromMyp|* are a bit
less tharb0% of the 1/A? corrections. For the next bins, these next order correstion
become too large.

In Fig.[4.1, we show the region consistent at 95% C.L. with th&variant mass
constraints reported in Ref. [30]. As expected, the invdrmaass shape is sensitive
to a very different combination of the parameters than thal ftross-section. The
interferences with the operataf®,, andOp,, actually grow faster than the SM by a
factors, which is not the case fap,,. The shape depends thus stronglycpy. The
Tevatron measurement already excludes the regjrcgr(ljx—ev)2 2 +2.
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The good constraints obtained with the invariant mass atélatron suggest to look
for similar effects at the LHC. However, at the LHC, the tojirjimmainly produced
by gluon fusion and the contributions 6fz, and O, are much smaller than the
SM contribution. Moreover, the effect of these operatorges important at high
energy where our expansion breaks down. Gflly, has an important contribution.
However, this contribution has a similar shape as that oStkefor reasons already
mentioned in Sectidn 4.1.1 and confirmed by Eigl 4.4. Thetffef the new operators
will be much harder to be seen in the; distribution but also in the; andn at the
LHC, as shown in Fid.414.
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Figure 4.4: On the left: normalized differential crosstgmts of the SM L d‘;g(M,

‘osMm

and of the interferences of the SM with;, and with Og, and O, L d‘;y,

ONP

as a function ofm;, pr andn for the LHC at 14TeV. On the right: normalized

cross-section of the SM.-517 d—gxﬂi, and of the SM and the interference with the new

physics,-—1— 9smtone (for ¢, = 1, cy,, = —2 andA = 1 TeV).

'osmt+oNP
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4.1.4 Forward-backward asymmetry

As we saw in Secl. 113, the forward-backward asymmetry miedsat the Tevatron is
well above its predicted value in the Standard Model. Whilleaough investigation
within the SM and in particular of the impact of the unknowgtrér order QCD
corrections would be certainly welcome, it is tempting t@lein this discrepancy as
the effect of new physics in various models|[87,/108+110/129:136]. An attractive,
simple and model-independent alternative is to considelaiv energy effective field
theory of Sect[ 3]1. A first obvious observation is that nonasyetry can arise in
gluon fusion in which the initial state is symmetric. From.H{4.2), we see that the
asymmetry can only depend en, andc,,. Since their contribution is a purely
odd function of the scattering angledefined in Eq.[(4]7), these coefficients are only
constrained by the asymmetry and not by the total crossesanbr the invariant mass
distribution. After integration with the pdf, we find in thad frame

o(costy > 0) — o (cosfy <0) = (0.235700%% caa

1TeV\’
+0.0880 0% aa) X( 3 ) Pb

(4.24)
where again the errors are estimated by varying the faetioiz and renormalization

scales. Assuming that the total cross-section is given by{EB3), the corrections to
the SM asymmetry can be expressed as

, 1TeV\®
SARY = (0.0342F0:00% caq +0.0128F0:00% ¢/ ) x ( 1 ) (Tevatron).

(4.25)

We see once again that the leading contribution comes frenstispin-0 operators.
The region of parameter space in they,, A) plane that can explain thd g for
'y, = 01is shown in Fig[4b.

Since all the observables asymmetric in the scatteringeaongy depend on those two
parameters, a more precise determination of the paramstes&n on Fig['4l5) can

be made from the measured asymmetry in the high invariarg neggon[(1.60). From

the effective Lagrangiah (3.1L9), we obtain

_ 1 2
SAY L (My > 450GeV) = (0.0871%a, + 0.03275¢),) ( TAeV> (4.26)
2
tE _ +3 +6 1 1 TeV
§A%E (My < 450GeV) = (0.023%}caq +0.008175c,) 1 . (4.27)
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Figure 4.5: On the left, the region of parameter space thaegplain thed 5 mea-
surement at the Tevatron at oador ¢/, , = 0. On the right, the region of parameter
space that can explain the-5 (m,; > 450 GeV) measurement at the Tevatron at one
(dark green) and two (light greem)for ¢/,, = 0.

In our approach, the asymmetry increases withttheenter of mass energy consis-
tently with the CDF observations. Those corrections to tharanetries have been
obtained using only the SM for the symmetric total crosgisa@bove or below 450
GeV. The invariant mass distribution measurement, carsistith the SM prediction,
tells us that it is at least a reliable approximation. Howgtree other four-fermion op-
erators might slightly change this rise by modifying theainant mass distribution.

As an illustration of the simplicity of such an approach, vemsider the forward-

backward asymmetry at LHC. In this case the symmetry ofptheollision and the

dominance of thegg channel fortz make it particularly challenging. A possibility is
to build the so-called central rapidity asymmetry

_ oyl <wyc) —oi (lyl <ye) L
Aolyc) = o (lyl <yo) + oz (lyl < ye) (lab frame), (4.28)

whereyc is the rapidity cut defining the “centrality” of an event. Tha@ueys = 1
has been shown to be close to optimal in Refl [33]. A straayiatard calculation

using caq (LA‘EV)2 = 2 as an extraction from the Tevatron data gives rise to very

small asymmetriesdc < 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,

(4.29)

1TeV\?
0 .

§Ac = (0.00731000a5c 4q + 0.001710:0007¢ ) <—
The region allowed by CMS measuremdnt (1.66) (Eigl 4.6)iilscetmpatible with

the region allowed by the Tevatron. Nevertheless, CMS miglotude in the near
future a deviation of the forward-backward asymmetry frév@ EM as large as the
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A (TeV)
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Figure 4.6: The region allowed by the CMS measuremett [4fj@tharge asymme-
try at one (dark green) and two (light greenjor ¢/, , = 0.

one required by CDF data at 95% C.L. idy, = 0. ¢/,,, is much harder to constrain
at the LHC due to the small contribution from the isospin-g&reors.

It is instructive to link the simple analysis given abovehmihodels featuring an ax-
igluon A, i.e,, a massive color octet gauge boson coupled to chiral fefim@nrents.
These models do generate a forward-backward asymmetrypdhe interference be-
tween the SM amplitude and that of — A — tt. If the scattering energies are
smaller than the mass of the axigluon, the interferencegerxactly match the term
in Eq. (4.2) proportional te4,. If the axigluon has a flavor-universal coupling to
fermions with a strength proportional to the QCD couplings,as in Ref.[[33], then
the relatiorc 4, /A% = —2¢2%/m? (Wherem 4 is the axigluon mass) obviously leads to
a negative asymmetry. To generate a positive asymmetrgthdd explain the Teva-
tron result, a flavor non-universal axigluon is needed. Mmexisely, the coupling
of the axigluon to the third generation and to the light qsaskould be of opposite
sign [132[135,137]caq/A? = —2g%g',/m? is then positive and can potentially
explain the Tevatron data for a mass of the axigluon arousddV provided that its
couplings are of the same order as the QCD couﬂing.

In Fig.[4.1, we plot the prediction fodrg from an axigluon with coupling, to

all fermions and the prediction obtained with the corresjiog effective operator
(caa = —2¢2, ¢4, = 0, A = M,). This shows that our effective field theory approach
is a good approximation at the Tevatron for masges > 1.5 TeV, comparably to the
LHC (see FiglL4.B).

11t was noted[[135] recently that concrete realizations isf#ixigluon idea[132] are endangered by data
on neutralB;-meson mixing.
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Figure 4.7: Arp prediction at the Tevatron due to an axigluon and compargtn
the effective field theory approach.

4.1.5 Spin correlations

We are here focusing on spin correlations which can provideaér information on
the coupling structure of the production mechanism (fograkitive approaches see
Ref. [138]). Spin correlations are good observables tondisgle the contributions
from the two operator®r, and Oy, since at high energ¥r,,, should produce
mainly right/left-handed top quarks and left/right-had@atitop quarks.

We assume that there is no modification of the top decay. I flaere is only one
dimension-six operator affecting the W-top-bottom ver(g%Q) oo’ tW ., which

however does not modify the maximal spin-correlation in lgpgonic decays of the
top quark[[98, 139, 140]. For this study, we chose the hylhm'tsi. There is a one-

to-one relation between the paramet€randb and the helicity cross-sections,

1

¢ = E(U+—+U—+—U++—U——)a (4.30)
1

by = ;(0+— —0 4 +0o4y—0-_), (4.31)
1

b_ = ;(0'+_ —0'_+—0'+++0'__). (432)

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

2|t was shownl[[4R2] that spin correlation effects in the SM agerimportant at the Tevatron in the beam
basis. However, it appears that the deviations from the Sivesadue to the operato€3y,,, Or, andOyp,,,
are on the contrary smaller in the beam basis.
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Figure 4.8: Top panel:Deviations from the SM prediction at the Tevatrain £ 0.47,
b = 0) [45] for the parameter§’ (on the left) ancdh = by = b_ for ca, = cy (0N
the right) in the region allowed by the Tevatrd@ottom panelDeviations at the LHC
from the SM prediction' = —0.31, b = 0) [45].

1TeVv\?
Cxafpb = 28273+ [(03751) eng + (05078 5) v ] x (Y )
(4.33)
1Tev\?
bxo/pb = (04550 82) cau X ( Ae ) , (4.34)
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at the Tevatron, and

1 TeV
A

2
C xa/pb = 166152 + [(—6971]) cng + (115]) ev] x ( ) , (4.35)

2
1TeV) 7 (4.36)

bxo/pb = (1071) ey ( L

at the LHC. The parametebs. are exactly proportional to the differeneg, — cr,,
and thus allow us to distinguish between right or left handpdjuarks. Additionally,
the paramete€’ quite strongly depends an,, andcy,, and can be used to detect the
presence of new physics as shown in Eig] 4.8 for the Tevatndrttze LHC respec-
tively. The errors on the contour lines are only of a few petse

As expected, the parametérs= b, = b_ only differ slightly from zero at the LHC
where the contributions aPg, and Oy, are small. A possible modification of the
spin distribution both at the Tevatron and the LHC is showfigs.[4.9. The non
vanishingb parameter is at the origin of the asymmetry of the distrduttlearly
visible for the Tevatron. However, it will be quite difficuth measure spin correlation
with sufficient precision at the Tevatron where only a few dnaas of events are
expected and observed (Ref. [141] and Ref. [7] therein)lendtithe LHC we expect
about a few millions of events after 100fb [142/143]. In fact, the error on th@
parameter are about 0.3 for 5.4 fhat the Tevatron [14-E]and are mainly statistical
(see Secf. 1.3.3).

4.1.6 Bosons exchanges

As we saw in Secf. 3.2.2, the chromomagnetic operator cregenerated at the tree-
level by the exchange of a new boson. In this section, we asshbatc,, ~ 0. Con-
sequently, the cross-section and the invariant masslision as well as the forward-
backward asymmetry depend each on two parameters only etteouivneglecting
the isospin-1 operators. The allowed region are shown ori4Eld) for both pairs of
parameters. The total cross-section and the invariant oasstraints have been de-
rived as in Sect§. 4.1.2 ahd 4]1.3. The combination is doresbyming that the total
cross-section measurement also follows a gaussian distniband is not correlated
with the invariant mass shape data. For the asymmetry abal/below 450 GeV, we
use the predictions for the SM of Eqk. (1.62) ahd (11.63) andhf® new physics of
Egs. [4.26) and [{4.27) respectively. We make again the Ingsig of uncorrelated
measurements with gaussian distributions.

3This measurement is done in the beam basis.
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SM at the Tevatron Crv=—2, CLy=0, Cng=1and A=1TeV at the Tevatron

0.015 0.015

0.01 0.01

0.005 0.005

0
- cos(6,)
-11 -11
SM at the LHC Crv=—2, CLy=0, Chg=1and A=1TeV at the LHC

cos(6-)

10015 10015

0.01

0.01

0.005 0.005

Figure 4.9: Distribution of events at the Tevatron/LHC (fmmel/bottom panel) for
the SM (on the left) and fotr, = —2, ¢z, = 0, cpy = 1 andA = 1 TeV (on the
right) with yur = pr = mt.

It can be seen from Tab._3.2 that thehannel models are already disfavored by the
Tevatron data due to the relation between the vector and eoédficients (cy,| =

|caa] and|ci | = |c4,]). On the one hand, the agreement of the measured total
cross-section and thex,; distribution with the SM predictions requireg)v to be
small as shown on Fig.4.110. On the other hand, the obserwealtide for Ar 5 [38]
implies thatcf& should be large. In fact, the color singlet vecfor [130] amel ¢olor
octet scalar are immediately ruled out since they give thengrsign for A-p (see

Eq. (4.26)).
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Figure 4.10: On the left, in gray, the region fer, andc|,, allowed at 95% by the
cross-section (delimited by dotted line) and the shapesoiftvariant mass distribution
(delimited by dashed line). On the right, in gray, the redimnc,4, andc/,, allowed
at 95% by A-p for my;; < 450 GeV (the full region plotted is allowed) and for
my; > 450 GeV (above the dashed ling) [38].
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Figure 4.11: The allowed region by all these observablesfor= —c4, andc,,, =
—c4,, Which corresponds to the still allowed spin 0 case (see TaBl)e Only the dark
gray region can be obtained for-ahannel scalar.

After combining all the constraints, we conclude that a colctet vector is also ex-
cluded while a small region, depicted in Fig. 4.10, remairsthie case of a color
singlet scalar. This region disappears if we change thet6.85%. This last case is
also constrained for low masses by the Tevatron searcdh fooduction([47].

We note that when the interference between the new physitghenSM is neg-
ative, the new physics squared (WRean cancel the effect of the interference on
the total cross-section for large values of the couplingaorsimall masses. It was
shown [112, 1113, 130] that the asymmetry can be explaineu avitather light color
singlet vector only coupled to the right-handedndt quarks. Of course, this region
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of the parameter space cannot be probed in our effectiveappr However, the in-
variant mass distribution shape for a light state inttleannel is also only marginally
consistent with the data (Ref. [145] suggests, though,ttiigtproblem could be al-
leviated thanks to a reduced acceptance rate of the top gjiratike forward region).
As a matter of fact, there is a large overlap between the alliore@gions by the cross-
sectioﬂ and the forward-backward asymmetry above 450 GeV but nottivé region
allowed by the shape of the invariant mass distribution as/ston Fig[4.1R. The dis-
tortion of the invariant mass shape due to a flavor violatiacter explainingd gz is
also illustrated on Fidg. 4.12.
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Figure 4.12: On the left, the allowed regions for a Flavorlafimg (FV) Z’ coupled to

the right-handed top and up quarks by the total cross-segtithe forward-backward
asymmetry above 450 GeV and the invariant massfpe= ur = my. On the right,

the normalized invariant mass distribution for differerstsses of the new vector at the
Tevatron. The & region of the CDF measurement is shown in gfay [30]. The cases
displayed on the right graph are represented by dots on fthgrégph.

For a color singlet scalar, the RRontribution to the asymmetry is negative and im-
plies thatd A (m; > 450 GeV) < 0.2. Moreover, the maximum for the forward-
backward asymmetry does not correspond to the region whenesw physics contri-
butions to the total cross-section barely cancel each ahdlustrated on Fid. 4.13.
So, unfortunately, the only class of models linking same apyosite sign top pair
productionsi.e. a t-channel exchange, seems disfavored by the Tevatron data

4The allowed region for small values ¢f; 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 @G®d/cross-section (on
the left) and the forward-backward asymmetry above 450 GeVtlje right) at the
Tevatron forug = urp = my = 174.3 GeV.

4.2 Same Sign top pair production

At the partonic level, the leading order cross-section éns sign top pair production
is given by

do 1 s —2m?
A (G R
2 2
W2, 2] ®) (=) + (mi—u)
R +§ LR 167s?
n|?, 8 H o ®* 2.2\ M
- (cg;\ o () - 2| )24;5 | (4.37)

The dominant contribution to this cross-section is due &rtaw physics amplitudes
sguared because the one-loop SM process depicted in Ejis4strongly suppressed
by the squares of thg,, CKM matrix element and of the bottom quark mass. Lowest
order contributions are thu3 (A‘4) contrary to opposite sign top pair production for
which the largest corrections arise from lﬁe(A—Q) interference. After integration
overt, the cross-section grows likeas expected from dimensional analysis. In fact,
only the interference between tiig? operators is proportional ta?, see Eq.[(4.37),
and does not have this behavior. As a consequence, a largeffhe total cross-
section at the LHC comes from the region wherg ~ 1 TeV as shown on Fig.4.15.
In this region, however, thé/A expansion cannot be trusted for values\ofround
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1 TeV we consider in our study. Figure 4116 displays the cezsgion with a upper
cut onmy, at A/3 as a function ofA for ¢; = 1, wherec; is a generic label for the
coefficients in Eq[{3.23). This choice ensures thatithedistribution is at most about
20% below (above) its true value for an(¢-) channel exchange. The general case can
easily be inferred since the coefficient dependences faetor Eq. [4.317). At 14 TeV,
the cross-section increases by a factor 2Xox 2 TeV up to a factor 4 fo ~ 14
TeV.

Figure 4.14: SM contribution tau — ¢t
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Figure 4.15: Normalized invariant mass distribution fansssign top pair production
at the LHC. The distribution can be trusted far,; < A only. The interference
between the SM and the four-fermion operators as well as khéo® ¢¢ production
are also displayed for comparison.

At the Tevatron, the same sign top pair production is smaltdithe PDF. Moreover,
their damping is such that the,, distribution is peaked instead below 500 GeV. The
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Figure 4.16: Cross-section pp — tt at the LHC with an upper cut on the invariant
mass at% for ¢; = 1. Parametersm, = 174.3 GeV, CTEQ6L1 pdf set [120],
HF = 1R = My.

total cross-section is given by

2 2
O'Tev(p]_) — tt + ﬁ) /fb = 2 |:62 (|CRR|2 + |CLL|2) + 7.7 C(Ll])%‘ + 2.3 ‘C(I?})%
4
~3.6% (el )] (1 TAeV) | (4.38)

Assuming the same acceptance (0.5%) as in [47], we find:thatl are still allowed.
A very recent analysis based on operators in EqQ.{3.22) giveitar constraints [146].

Figure[4.15 shows that the,; shapes given by the different operators appear to be
quite similar. The maximal effect of the interference teronresponds approxima-
tively to the linear combinatiofj)(Ll}% - 2(’)(5}%. As foreseen, the interference can only
give a sizeable effect for lown;; since it does not grow with. Again, there are no
significant changes at 14 TeV. The distribution is only stietl to the higher invariant
mass region.

In contrast with then,; distribution, the spin correlations provide in principleery
efficient observable to discriminate among the contrimgiérom the various oper-
ators in Eq.[(3.22). The main reason is that the latter havelhdefined chirality
structure and no interference with the Standard Model isiptes Let us define the
normalized differentiatt cross-section

1 d 1
;WZCOSGQ =1 [1 4+ C cos by cosby + b(cosby + cosbs)] (4.39)
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wheref; (62) is the angle between the momentum in the top rest frame ohizvged
lepton resulting from the first (second) top decay and thentmmentum in thet
rest frame. Then, th€ andb parameters can directly be computed from the helicity
cross-sections, namely

1

¢ = 5(0+++0———U+——U—+)

b= Loy o), (4.40)
(o2

where the first (second) index refers to the helicity of th&t fisecond) top quark. For
Orr, C = 1 andb = 0.997. For0'") and0®), only the sign ofy changes. The
two remaining operators in Edq.(3122) are characterize@'by 1 andb ~ 0. C and

b are here calculated on the full cross-sectiam, without any cut onmn,,. However,

C = 1for Ogg, O(LlL) andO(L3L) is independent of such a cut. As a result, such strong
spin correlations could be used to enhance the sensitivitye signal and to identify
the possible contributing operators.

4.3 Associated top pair productions

4.3.1 ttbb and tttt productions at the LHC

While tf production appears as the leading process to probe any ngsicphin the
top sector, there are physical situations where the opsrafd,; are parametrically
suppressed. As shown in Section 3.2.1, this is the case ifofheuark is not an
elementary particle but rather a composite bound stateddinginant operators are
the ones involving composite states only. Therocess is still probing the dominant
operators but at the loop level only. In these situations,uahrbetter probe of the
dominant dynamics (EgE.(3126) {0 (3.28)) is the direct potidn 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 smdlitile order of 5 fb at
the LHC) and the operators of Eqjs. (3.26)—(38.28) can eabilylgrger contributions.
Contrary to pair production, the smallness of the SM crestien urges us to keep
the squared amplitude from new physics instead of the itenice with the SM as
shown in TablgZ12. The two contributions are equalfar< ¢; (11€¥)* < 1 where

¢; generically denotes the coefficient of the operafpr The range of this critical
value is due to the different operators. Thus, we are effelgticomputing the cross-
sections at the ordef(A—*) and we also neglect the interference between the SM
and any dimension-eight operators. This approximatiomliglf the coefficients are
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large and cannot be used for the operaﬁ?é]r) and(’)g) since their coefficients have
to be at most of order one (see Sécil 3.4). The associatestseations for both the
interferences and the squared amplitudes of the new opsiat® of the order of the
fb like the SM and would likely be too small to be observed.

ou | o [ ol | | ol | T | OFhs | O/

(fo) | (fb) | (fb) | (pb)| (pb)| (pb)| (pb)
SM | 5.26 - |77 - -1 0.306 58.2
oW | -|-208| 574 - - - - -
o | -| -11] 193] -| 02| 3.89] 238 12
o | -1 -4 47| -| 09| 09| 052 11
o | -|-37.2| 569| -|<0.03|15.49| 9.35 16
o®| -| 09| 63| -| 049 35| 2.09 33

Table 4.2: Thettt (up = pur = 4my) andttbb (ur = pr = 2m;) Cross-sections
for A = 1 TeV andc; = 4x. The interferences between the SM and the new physics,
given in the third and sixth columns, can be neglected. Thamsg amplitudes from
new physics are in the fourth, seventh and eighth columns rfdw physics con-
tributions for a different scald and different couplings; are simply obtained by
multiplying those last numbers by a factet/(47))? x (1 TeV/A)%.

The SMttbb production is not as suppressed as the 4-top productiohgssaime ap-
proximation would be a priori valid for smaller values of #tale of new physics only
(or for larger couplings). However, we can use the partickileematics associated to
the new physics operators to improve our approximation.abt, fthe new physics
squared amplitudes grow with the energy as shown inFigl &.hi&refore theéb pair
will be produced with a higher invariant mass in presenceeof physics, and a cut on
the bb invariant mass will suppress & A ~2) terms compared to th&(A—*) ones.
Moreover, such a cut will also improve the ratio of the signadr the SM background
as shown on Fid. 4.18. Again the two operat@%) and(’)g), can only give small
(10-30%) corrections to the SM process. Those correctionsedatively as large as
the corrections from the operators in [EQ.(3.19}#@roduction but will be harder to
see since the cross-section is a few orders of magnitudéesmihe interference and

(8)
the amplitude squared f@§§> are more or less the same fgfg— = 47 TeV—2. How-
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Figure 4.17: Normalized cross-sections at the LHC fort#ié production as a func-
tion of thebb invariant-mass. Since we neglected the interference tbatveeen the

SM and the new physics contribution, the distributions adependent of the new
physics scale and of the actual couplings in front of the disien-6 operators.

ever, there are no constraint at all from the Z decay widtlms8quently, only larger
values of its coefficient for which our approximations arédsaan be tested.
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Figure 4.18: Effect of théb invariant-mass cut on the signal over background ratio.
R = %ﬁi%/ggﬁ is the double ratio of the signal (contribution from new
operators) over the background (contribution of the SMhwihd without the cut on
the bb invariant mass. In our approximation®,is independent of the new physics

scale and of the actual couplings in front of the dimensiapé€rators.
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For bothtttt andttbb productions, the operators defined in E§s. (8.26)=(3.28) gi
cross-sections of the same order of magnitude (see [al)ladddt is not possible to
distinguish them just by a measurement of one of the two trtads-sections. Fur-
thermore, as Fid._4.17 suggests, they also generate sididtibutions for all the
spin-independent variables. However, the ratio of the trass-sections appears to
be very different for the three still allowed operators asdliso independent of the
new physics scale and of the actual couplings in front of fheedsion-six operators
provided that the interferences with the SM can be safelyected. A detailed study
of four-top production at the LHC will be presented in RE#T] (see Ref.[[148] for
a preview).

4.3.2 tt production in association with a Higgs

As we have already mentioned, the chromomagnetic operatmnaodifies the Higgs
boson interactions with the top and the gluons. Top pairpectdn in association with
a Higgs might thus provide further constraints on it coedfiti The diagrams can be
easily obtained from those of Fig._A.1 by adding a Higgs legdted to the top line
or to the effective vertex as illustrated on Hig. 4.19. Irsthist case, the diagrams
contain only one chirality flip such that no other chiralitipfls needed to interfere
with the SM amplitude. On the contrary, there are two chiydlips by diagram in
the former case. So, one mass insertion is required to érteviith the SM amplitude
in this case. Contrary to opposite sign top pair productiosjnterference might thus
have a different behavior than the SM at high energy sincpgitimnality to the top
mass and to the Higgs vev can be avoided for some of the diggram

Figure 4.19: Examples of diagrams f@h 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

- 1TeV\” 1Tev\’
o (pp — tth) /fb = 6047123 + 482" 1T2cn, (T) +5200100¢7, (T)
(4.41)

for m;, = 120 GeV. The cross-section for different values of Higgs masksplayed

on Fig.[4.20. The other operators have not been include& sy cannot modify
the main process.e. gluon fusion. Since this process requires more energy,theth
interference and the NRerms are of the same magnitude for > 1 TeV—2. For
consistency, 3¢ < % TeV~2 at least. The same factorization and renormalization
scales as for opposite sign top pair production have beet sisee we have only
considered a light Higgs boson. The cross-section wouldedse if higher values
taking into account the Higgs mass are chosen.
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Figure 4.20: Cross-sections fpp — tth as a function of the Higgs mass using
CTEQG6I1 pdf set anghg = ur = m; = 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 massbdison of the Higgs and
the top are displayed on FIg.4]21. The shape of th&islRIso shown for comparison.
The NP partis clearly stretched to high energy while the interfieesand the SM have
a very similar behavior. Consequently, the interferendd wie diagrams in which
the Higgs is connected at the effective vertex are suppie3$ese results have been
obtained with MadGraph % [124] similarly as for the non tdphg operators.
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Figure 4.21: Normalized distributions of the total transeeenergy{ and the top-
Higgs invariant mass;, using CTEQ6I1 pdf set andg = ur = m; = 174.3 GeV
for the SM, its interference with the chromomagnetic opmrahd the squared of the
amplitudes with one effective vertex.

4.4 Summary

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

Some of our results have already appeared in the literaflifeough only subsets
of dimension-six operators were considered. For instatihee is an extensive lit-
erature|[811-84, &8, 89] on the operat®;,, the chromomagnetic dipole moment of
the top quark, while other works focused on the effect of taatal four-fermion op-
erators on top pair production at the Tevatron| [85:87] 11®écently, all relevant
operators were properly accounted for in Ref][93] whichwéweer, did not cover the
corresponding phenomenological analysis. In our workaiheis to provide a com-
plete and self-consistent treatment in a model-indepdrajgroach and, especially,
to extract the physics by combining information from the atewn and the LHC.

The analysis of opposite sign top pair production can beoperéd in terms of eight
operators, suppressed by the square of the new physicsyestaigA. Observables
depend on different combinations of only four main paramsete
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o(gg — tt),do(gg — tt)/dt < cng

o(qq — tt) < Chg,Cvo
do(qq — tt)/dmy, & Chgy CVo
App < CAa

spin correlations & Chgs CVus CAp

wherec;,, is the parameter associated with the chromomagnetic dipoleent op-
erator andcy,, ca, @andcy, correspond to particular combinations of four-fermion
operators defined in Section 311.1. Let us summarize our neainlts on these ob-
servables.

1. Since top pairs are mainly produced by gluon fusion at tHE L the measure-

ment of thett cross-section at the LHC determines the allowed range;for
In contrast, the Tevatron cross-section is also sensitithd four-fermion op-
erators and constrains a combinatiorcgf andcy,. Consequently, the mea-
surements of the total cross-sections at the Tevatron ahd &HC are comple-
mentary and combining the two pins down the allowed regichécy,g, cvv)
plane.

. The shape of the invariant mass distribution at the Tewasrsensitive to a com-

bination of the parametets-, andc;, which is different from the combination
controlling the total cross-section. It quite strongly degds on the presence
of four-fermion operators and was used to further reducepttrameter space
mainly along the:y,, direction.

. The forward-backward asymmetry that probes differemrairs than those

affecting the cross-section or the invariant mass didfidbucould be the first
sign of new physics at the Tevatron. The scale of the newdnt&m(s) can then
be estimated from the value predicted by our effective Liagjien approach if a
deviation from the SM is confirmed.

. The three observables do/dm,; and Ar are unable to disentangle between

theories coupled mainly to right- or left-handed top quadkwever, spin cor-
relations allow us to determine which chiralities of the tppark couple to new
physics, and in the case of composite models, whether oneoachiralities of
the top quark are composite.
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For heavy particle exchange models, tg, operator can only be generated at the
loop-level andcy,, is then expected to be small. Assuming = 0, the allowed re-
gions for the four-fermion operators show that thehannel scenarii are disfavored
by the Tevatron data. The relation between opposite and sameop pair produc-
tions can then not directly be used to fix the production rathelatter at the LHC.
However, other production mechanisms can lead froduction. Only five indepen-
dent effective operators of dimension-six contribute s grocess. Among them two
operators are already severely constrained by flavor dat@amnot play any role in
processes at the TeV scales. The cross-sections can beaflgreof a pb both at 7
TeV and at 14 TeV if the scale of the new physics is about 2 TélCIsearches in the
same-sign dilepton channel will be probing these crosesecthis year. It makes
this channel particularly competitive to search for newsiby in the top sector (see
also [149] for probing like-sign top production using sia¢gpton events). The strong
spin correlations can, in principle, be used to distingtiiehdifferent operators. Con-
trary to flavor experiment, the LHC has definitely the potaid directly constrain
thoseAF' = 2 operators.

In composite models, the ratio of-, andc is very important since it reflects the
number of composite fields in the SM. However, the peculiardrchy between dom-
inant and subdominant operators cannot be testétlantt productions that depend
on one class of operators only. Fortunately, composite tsadm be further tested
through the golden four-top channel afitlh production at the LHC. Both processes
are necessary to identify the dominant operators and thettact their coefficients.
The hierarchy between the operators can be tested and usstinate the strength
of the new strong interactiomg,,. We stress that the results for top pair productions
are generic while those fottt andttbb productions require the enhancement due to a
new strong interaction. These two processes would disappéae SM background

if they are not enhanced by a facgﬁ. Such an enhancement is already forbidden by
the Z decay constraints for two of the five dominant operators

Finally, the chromomagnetic operator can induce signifidawiation for Higgs and
tth productions by gluon fusion. Those processes are sensitigehigher energy
domain and can thus put stronger constraints:gn However, they will again be
mainly limited by the errors on the overall normalisationtioé processes since no
significant shape distortions are expected.
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Conclusion

The largest part of this thesis (Chalpk. 3 hd 4) was devottdtstudy of beyond
the Standard Model top physics with the help of effectivedfibleories. The SM La-
grangian is then the lowest order term 2of the expansion imthmenta of the process
over the mass of the heavy new statgs The scaleA should not be too large to
observed the deviations from the SM. Namely, the new physiasributions should
be bigger than the expected experimental and theoreticakgie. about 10-15% for
tt production at hadron colliders. As a consequence, thesdwe to the truncation
of the effective Lagrangian at th& (A—Q) are not very small. The reliability of our
predictions was checked by a partial evaluation of@h@\*‘*) corrections. Numeri-
cally, they are estimated to be smaller than 25% of the newipsygontributions for
A =1 TeV (andc¢; = 1). The comparison between the exact computation based on
the exchanges of heavy particles and the result from thegponding effective theory
shows that the corrections might slightly be underestichadecomplete computation
of the & (A=*) corrections is quite complicated, but the effective theforthe light
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pseudoscalar mesons of Chhp. 2 tells us that effectiveidseare still meaningful
even if the expansion parameter is rather large. In factdhections to this effective
theory from the next order ip? are expected to be of about 209%%0; szz . Taking this
into account, the predictions from the effective Lagrangitleading order ip? and
in 1/N, agree with the experimental data. In particular, the tesell) — n" mixing
anglefd =~ —27°, stable against quadratic quantum corrections, is abdit 2€low
the valued = —22° extracted from the radiative:d/decay.

The effective theory for opposite sign top pair production forward many dif-
ferences between the two dominant mechanisms. First, $eueffiermion and one
two-fermion operators affect quark annihilation whileyahe top-philic operator, the
chromomagnetic operator, contributes to gluon fusioﬁ@z\*). Secondly, the in-
terference between the dimension-six operators and thes®piected to grow faster
with the energy than the pure SM contribution sirﬁew az. As a matter of fact,
the contributions to the cross-section from the four-fenmoperators have an extra
factor s compared to the SM. Since the center of mass energy is, imgeglarger
at the LHC than at the Tevatron, the ratio of the four-fermiperators and the SM
contributions togg — ¢t is bigger at the LHC. On the contrary, the contribution of
the chromomagnetic operator is helicity suppressed ancib@xtras factor. As a
consequence, the ratio of its contribution and the SM ongjte+ tt is roughly the
same at both colliders despite that the difference of theagesl center of mass en-
ergy for a two gluons initial state is larger than for quarkiqurark. Consequently, the
sensitivity to the chromomagnetic operator is quite lonwhattHC. Even if we relax
our assumption of top-philic new physics, the conclusiargfaon fusion remains the
same at this order in. Finally, the shape distortions, important to distingutshnew
physics and the SM, are mainly caused by the four-fermiomadpes. The invariant
mass distribution, the angular distribution and, in paittic, the forward-backward
asymmetry and the spin correlations are all affected byetloperators. On the con-
trary again, the chromomagnetic operator significantly ffieglthe spin correlations
only in addition to the cross-section.

The search for new physics with effective field theories vadse extended beyond
tt production. For example, we attempted to overcome the sgpjum of the chro-
momagnetic operator by looking rather at the top pair prédadn association with
a Higgs boson. Unfortunately, there are also no sizeablarer@ment of the cross-
section with the energy for this process@(A”). Nevertheless, the larger energy
required by this final state still allows us to probe highduea of A. Furthermore,
the effects of the chromomagnetic operator on Higgs pradiicty gluon fusion was
shown to be quite large compared with the SM. Four top quarddyztion was also
studied in this thesis. If the new physics is strongly intéirey like in composite
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models, this process has been shown, by copying the rule2ddrom the effective
theory for the light mesons, to be the golden channel. Siigjleop pair production in
association with two bottom quarks can strongly be enhaifdbd left-handed dou-
blet of the heaviest quarks interacts with the new strontpsebdespite being already
constrained by the Z decay width, the remaining operatotis four heavy quarks
can be identified by the ratio of the cross-sections of thegeprocesses. Last but
not least, the effective Lagrangian for same sign top paidpction was built. Being
initiated by two quarks, this process overcomes the diffjctd find an antiquark in
a proton at the LHC. Same sign top pair production offers thesitility to constrain
a new set of flavor violating four-fermion operators. MoreQthis process, strongly
suppressed in the SM, allows us to probe large value for theggrscale of the new
physicsA by getting rid of the SM theoretical errors. Moreover, sarniga $op pair
production can easily be distinguished from any SM backgddecause its invariant
mass distribution is far from being peaked at threshold.

We have shown that effective field theories are useful fdideas phenomenology.
In particular, they have been shown to be suitable to quattié (allowed) size of
the new physics in a model independent way when no resonareésund like at the
Tevatron. Despite that the LHC is now surpassing the Tema#ibthe contributions of
our effective Lagrangian to its dominant process for theptaip productioni.e. gluon
fusion, are suppressed. The last hope at this ordérare the CP violating operators.
However, they deserve a careful analysis since they canrgten€P violation for
the strong interaction at one-loop. Otherwise, shape istoat the LHC would
require to go to theé (A~*) for gluon fusion. Those contributions might still be
observable. For example, the unsuppressed squared aseptifithe O operator
gives a contribution as large as 15% for= 1 TeV andcg = 1. Contrary to quark
annihilation, the parameter space at this order is not éggeio become very large
since no new dimension-six operators should be added. Ifirdlective theories
could be used for other processes. For example, we have alstiamed the multijet
events to look for dimension-six operators and, in paréigulor the O operator.
Dijets have already been used to constrain the four-fermpanators at the LHC [49].
However, we can expect that much stronger constraints dmuket on the operators
involving gluons.
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Appendix

Appendix for top pair
productions

A.1 Fierz transformations

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

810k = %a{la,ﬁj + %&-lakj , (A1)
Sabbea = 2Ty T + %5ad5cb : (A.2)
(wPr/r)o” (7" Pryr)+’ = —(uPr/r)a’ (V' Pr/R)" (A.3)
(VuPr)a” (V#PrL),* = 2(Pp)a’(Pr),", (A.4)
(Pr/r)a” (Pryr)y’ = —% (Pr/r)a’ (Pr/r)+"

4% (V" Pryr)a’ (Vv Pryr)+" (A.5)

wherePy,,r = (1 F~°)/2 are the usual chirality projectors ant?” = I [y*,~"].
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A.2 Feynman diagrams for ¢¢ production at or-
der & (A?)

Atthe 0(A~2) order, the two parton-level cross sectionstfgaroduction follow from
the Feynman diagrams depicted in Fig.JA.1 A2.

g t
OO0 ——— OO0 ———
+ +
OO0 OO0
g 3
SM ! SM SM
% +K + K
OO0
+ +
OO0 ———

Figure A.1:Feynman diagrams fajg — ¢ up to & (A~?). The dark blobs denote interac-
tions generated by the operat®y,,.

A.3 Helicity amplitude for ¢t

As explained in Section 3.1.1, when summed over the hegitf the final top, the
cross section for thet production depends only on the sum, = cgr, + cr., (We
neglect the contribution for the isospin-1 sector). Howetre individual helicity
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k|

! SM
Figure A.2: Feynman diagrams fayg — t£ up to @ (A~?). The diagram in the middle
originates from the four-fermion interactions induced hyg bperator<O;, /r,, O r, and

ng). The diagram on the right is the contribution from the opmrély,.

cross sections are sensitive dg,, and ¢y, individually since at high energ@r,
(OL) should produce mainly right (left) handed top and left iftfjghanded antitop.
Explicitly, the helicity cross sections are given by (weakthatc, = cry, — crv)

o2
U++(gg — tf) = m — 24/s (S — 4mf) (62mf‘ — 7smt2 + 282)

— 4Am?
+ (16mf51 + 58sm? + 32) m? log (S + Vs (s mt)>

s —/s(s—4m?)

_gC}X]Q 2v/2svmy [ s (s —4m?) (14m] + 13s)
— 4m?2
+ (4me1 — 34mfs) log s+ vsls —dmi) ,
s—/s(s—4m3?)
o-—(99 = tt) = o4i(99 — 1),
2
Chg — yem
_ —1t) = 1 4v2 —
7+-(09 = ) ( oty m“’) 24 (s — dm?) 52

11\/5 (s —4m2) (m{ — s)

— — 4m?
+ (me — sm? — 452) log i 8 (s — 4my) ,
s+ /s (s —4m?)

o_+(99 = tt) = o1_(g99 — ). (A.6)
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and for the quark annihilation, by

8m?7roz2 ch VS CVo
g—tt) = ——>4\/s—4m? (1 J_\/2—— ,
o++(aq > 1) 975572 V2T AT + gsA2\/_mt * g?AQS
o-—(qgq —tt) = o14(qq = 11),

_ 47roz§ Ch
or—j—4(qq —tt) = 5753/2 \/s —4m? (1 + 2132 4N 20my

+ \2//;2 (CVU\/_ +capy/s— 4mt2)> (A7)

The first/second index indicates the helicity of the toptapt There are no effects of
the operator®r, andOp, on the spin correlation because after integration over the
variablet, their helicity cross sections vanish.

When summing over the final helicities, we arrive at

Cyvy S 1
o(qq — tt) = chM (1 + ¥ A2) 208 3/24gschg\/§vmt\/s —4m?, (A.8)
VMiQsgs
o(gg—tt) = o¥, — —— cp, X
(99 = t1) ISM T 1o\ anzsz

_ 2
(8510g <j+ zi _iZ%;) +94/s(s —4mf)> , (A9)

where
2 _ p) 2
S _ 87ra5\/s 4m (2m + s) (A10)
SM 2755/2 ’
2 2
g9 — 7TO(S 4 4 4 2 2 1 S+\/S(S_4‘m)
7S 1253[ (m - dsm® + %) log | T =)

—/5 (s — 4m2) (31m? + 7s) (A11)

These expressions correspond to the differential crostoeed4.2) and[(4]3) inte-
grated over the scattering angle.
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