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chromo-magnetic moment of the top quark. This operator can be further constrained by

the LHC data as soon as a precision of about 20% is reached for the total tt̄ cross-section.
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1 Introduction

Top quark physics is among the central physics topics at the Tevatron and it will remain

so at the Large Hadron Collider (LHC) in the next few years. The top being the only

quark with a coupling to the Higgs of order one, it is expected to play a special role

in electroweak symmetry breaking and as a result its coupling to new physics could be

large. Searching for beyond the Standard Model (SM) physics in observables involving

the top quark is therefore strongly motivated. Top physics has actually reached a high

level of sophistication and we already know a lot from the Tevatron which has set strong

constraints on top-philic new physics [1–4]. Until recently, Tevatron was the only source

of top quarks. However, LHC has finally produced its first top quarks [5–8] and will soon

become a major top quark factory.
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So, what more can we expect to learn about the top at the LHC? The top quark is

mainly produced in tt pairs, the single top rate being roughly one third. At the lowest

order in perturbative QCD, this occurs either from quark-antiquark annihilation, qq → tt̄,

or from gluon fusion, gg → tt̄. What has been mainly tested at the Tevatron is the hard

process qq → tt, which contributes to 85% of the total tt̄ cross-section. The new physics

contributions to gg → tt remain to date largely unconstrained. Therefore, there is a large

unexplored territory related the top pair production that we can hope to unveil at the

LHC, where tt̄ is produced at 90% (70%) by gluon fusion at 14 TeV (7 TeV). This simple

observation is the starting point of our investigation.

A large effort has been devoted to search for new physics in tt resonances [9–11]. While

the current existing bounds do not forbid the existence of new degrees of freedom that are

within the kinematical reach of the Tevatron and the LHC, electroweak precision data [12]

together with constraints from flavour physics make plausible if not likely that there exists

a mass gap between the SM degrees of freedom and any new physics threshold. In this

case, the effects of new physics on a SM process like the tt̄ production can be well captured

by higher dimensional interactions among the SM particles. These new interactions are

assumed to respect all the symmetries of the SM. In this work, we follow this low-energy

effective field theory approach. Our study concentrates on testing non-resonant top-philic

new physics, focusing on modifications from new physics to top pair production. The

study of some dimension-six operators on tt̄ production at the Tevatron was initiated in

refs. [13–17] and further explored in refs. [18–22]. An effective field theory approach to

single top production would be the subject of another study and we refer the reader to

ref. [23–25] for this purpose. On the other side, the effect of higher dimensional operators

on top anomalous couplings has already been discussed in refs. [26–30].

This work is organized as follows. We derive the effective Lagrangian relevant for

top quark pair production, considering operators up to dimension-six, and connect it with

composite and resonant models in section 2. Section 3 is devoted to top pair production.

Our goal is to present an analysis where the full parameter space is considered with re-

spect to the constraints from the Tevatron. Once we have identified the unconstrained

region, we determine which region will be further probed at the LHC. In particular, we

include the latest CDF measurement of the invariant mass differential cross-section (based

on 4.8 fb−1 of data [31]) in section 3.3. We explore different observables like the tt̄ invariant

mass, the pT and the rapidity distributions at the LHC and find that their discriminat-

ing power is modest. Our final results are shown in figures 4 and 5. We also show that

the forward-backward asymmetry at the Tevatron is affected by only one particular linear

combination of four-fermion operators, that remains unconstrained by cross section mea-

surements (section 3.4). Finally, spin correlations, evaluated in section 3.5, are found to be

quite sensitive to new physics. Another complementary and compelling probe of top-philic

new physics is the four-top production [32]. This is discussed in section 4 together with

top pair production in association with bb̄. We summarize our results and conclude in

section 5.
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2 Effective Lagrangian for top quark pair production

2.1 Dimension-six operators with two top quarks

When working with an effective field theory, the starting point is to consider the underlying

symmetries. Here, we assume that the symmetries of the SM, including the baryon number

conservation, are unbroken by the new physics. The gauge invariant operators of dimension-

six built from the SM degrees of freedom were classified many years ago in ref. [33] and

reconsidered recently in ref. [34]. We shall focus our analysis on top-philic new physics,

i.e., new physics that manifests itself in the top sector, as well-motivated in a large class of

theories to be discussed in section 2.3, but we do not consider new interactions that would

only affect the standard gluon vertices like for instance the interactions generated by the

operator OG = fABCG
A
µνG

B νρGC
ρ

µ (see refs. [24, 35–37] for a study of its effects on top

pair production). Hence we consider the set of operators which affect the tt̄ production at

tree-level by interference with the SM amplitudes. Both at the Tevatron and at the LHC,

the dominant SM amplitudes are those involving QCD in quark-antiquark annihilation or

gluon fusion. Therefore we shall neglect all new interactions that could interfere only with

SM weak processes like qq̄ → Z(γ) → tt̄. Our analysis aims at identifying the effects

of the new physics on top pair production, so it ignores the operators which affect the

decay of the top [24, 28, 38]. We are then left with only two classes of dimension-six

gauge-invariant operators [33]:

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

Ogt =
[

t̄γµTADνt
]

GA
µν ,

OgQ =
[

Q̄γµTADνQ
]

GA
µν ,

Ohg =
[(

HQ̄
)

σµνTAt
]

GA
µν , (2.1)

where Q = (tL, bL) denotes the left-handed weak doublet of the third quark gen-

eration, t is the right-handed top quark, TA are the generators of SU(3) in the

fundamental representations normalized to tr(TATB) = δAB/2.

• four-fermion operators with a top and an antitop together with a pair of light quark

and antiquark that can be organized following their chiral structures:

L̄LL̄L : O
(8,1)
Qq =

(

Q̄γµTAQ
)(

q̄γµT
Aq
)

,

O
(8,3)
Qq =

(

Q̄γµTAσIQ
)(

q̄γµT
AσIq

)

, (2.2)

R̄RR̄R : O
(8)
tu =

(

t̄γµTAt
)(

ūγµT
Au
)

,

O
(8)
td =

(

t̄γµTAt
)(

d̄γµT
Ad
)

, (2.3)

L̄LR̄R : O
(8)
Qu =

(

Q̄γµTAQ
)(

ūγµT
Au
)

,

O
(8)
Qd =

(

Q̄γµTAQ
)(

d̄γµT
Ad
)

,

O
(8)
tq =

(

q̄γµTAq
)(

t̄γµT
At
)

, (2.4)

L̄RL̄R : O
(8)
d =

(

Q̄TAt
)(

q̄TAd
)

, (2.5)
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where σI are the Pauli matrices (normalized to tr(σIσJ) = 2δIJ ), q and u and d are

respectively the left- and right-handed components of the first two generations.

Note that there also exist some colour-singlet analogues of all these operators, that

can be generated by a heavy Z ′ in s-channel for example. However, they do not interfere

with the SM QCD amplitudes and therefore are not considered here. In other words, we

assume that new physics manifests itself at low energy only through operators interfer-

ing with the SM. We will comment further on this assumption in section 3.2.2. All the

four-fermion operators are written in the mass-eigenstates basis and no CKM mixing will

enter in our analysis since we are neglecting weak corrections. We have discarded the

operator
(

Q̄TAγµqL
) (

Q̄TAγµqL
)

as well as its SU(2) triplet and color singlet1 analogues

since they are already strongly constrained by flavour physics [40]. Note also that opera-

tors with a different Lorentz or gauge structure, like for instance (Q̄γµTAq)(q̄γµTAQ) or

(t̄γµTAu)(ūγµT
At), can be transformed (using Fierz identities, see appendix A) into linear

combinations of the four-fermion operators listed above and their colour-singlet partners.

The L̄RL̄R operator O
(8)
d involves both the left- and the right-handed components of

the down quark. Given the fact that QCD interactions are chirality-diagonal, it can only

interfere with the SM amplitude after a mass insertion. Therefore, its contribution to the

tt̄ production cross section is negligible and we shall not consider it further in our analysis.

It is rather natural to assume the universality of new physics with respect to the light

generations. In that limit, the contribution to the cross section from the second generation

is more than two orders of magnitude smaller than the one from the first generation due

to the different parton distribution functions (pdf). We shall therefore concentrate on the

contribution from the first generation only.

Our list (2.1)–(2.5) of top-philic operators contains eleven operators. However, they

are still not all independent. Indeed, using the equation of motion for the gluons:

DνGA
µν = gs

∑

f

f̄ γµT
Af, (2.6)

we obtain the following two relations:

Ogt + O
†
gt = −gs

∑

generations

(

O
(8)
tq + O

(8)
tu + O

(8)
td

)

, (2.7)

OgQ + O
†
gQ = −gs

∑

generations

(

O
(8,1)
Qq + O

(8)
Qu + O

(8)
Qd

)

. (2.8)

The linear combinations Ogt −O
†
gt and OgQ −O

†
gQ do not interfere with the SM amplitudes

because the associated vertices are CP-odd and we are not concerned about CP violating

observables (see ref. [24, 39] for a discussion on possible observables sensitive to CP viola-

tion). Consequently, the two operators Ogt and OgQ can be dropped in our analysis and

only one two-fermion operator, namely Ohg, interferes with the SM gluon fusion process!

1Here, the color singlet should also be considered in principle since the color flow is in the t-channel.
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In conclusion, the most general top-philic Lagrangian that can affect the tt̄ production

involves eight dimension-six operators

Ltt̄

(

Λ−2
)

=
1

Λ2

(

(chgOhg + h.c.) +
∑

i

ciOi

)

, (2.9)

where i runs over the seven self-hermitian four-fermion operators of eqs. (2.2)–(2.4).

In eq. (2.9), the coefficient chg might be complex. However, since we are concerned

with CP-invariant observables, only its real part enters in the interference with the SM

processes and therefore we shall assume in our analysis that chg is real. This coefficient

corresponds to a chromomagnetic moment for the top quark.

2.2 The relevant operators

In eq. (2.9), we have identified eight independent top-philic operators. Yet, additional

simple considerations are going to show that physical observables like the tt̄ production

total cross section, themtt̄ invariant-mass distribution or the forward-backward asymmetry,

depend only on specific linear combinations of these operators.

The seven four-fermion operators can be combined to form linear combinations with

definite SU(2) isospin quantum numbers. In the isospin-0 sector, it is further convenient

to define axial and vector combinations of the light quarks:

ORv = O
(8)
tu + O

(8)
td + O

(8)
tq , ORa = O

(8)
tu + O

(8)
td − O

(8)
tq , (2.10)

and similar operators involving the left-handed top quarks:

OLv = O
(8)
Qu + O

(8)
Qd + O

(8,1)
Qq , OLa = O

(8)
Qu + O

(8)
Qd − O

(8,1)
Qq . (2.11)

The reason is that the axial operators are asymmetric under the exchange of the quark and

antiquark while the vector operators are symmetric:2

[

ψ̄ (k1) γ
µγ5TAψ (k2)

]

= −
[

ψ̄c (k2) γ
µγ5TAψc (k1)

]

,
[

ψ̄ (k1) γ
µTAψ (k2)

]

=
[

ψ̄c (k2) γ
µTAψc (k1)

]

.
(2.12)

Therefore, the interferences of ORa and OLa with the SM will be odd under the exchange

of the momenta of the initial partons and these axial operators can only contribute to

observables that are odd functions of the scattering angle and certainly not to the total

cross section. On the contrary, the operators ORv and OLv are even functions of the

scattering angle and can contribute to σtt̄.

In addition, the operators ORv and OLv will obviously produce the same amount of

top pairs but with opposite chirality. Consequently, the spin-independent observables as-

sociated to the tt̄ production are expected to depend only on the sum ORv + OLv while

the difference ORv −OLv will only contribute to spin-dependent observables. Similarly, but

2The matrices Cγµγ5 are antisymmetric but the matrices Cγµ are symmetric, C being the charge

conjugation matrix.
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with a sign flip, only their difference, ORa − OLa, can contribute to spin-independent ob-

servables and in particular to the tt̄ differential cross section after summing over the spins.

The orthogonal combination ORa + OLa could contribute to spin-dependent observables

which are odd functions of the scattering angle, but we shall not consider any observable

of this type in our analysis.

Therefore, we expect a dependence of the total pair production cross section on the sum

cV v = cRv + cLv with

{

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

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

(2.13)

and the forward-backward asymmetry will depend on the combination

cAa = cRa − cLa with

{

cRa = −ctq/2 + (ctu + ctd)/4

cLa = −c(8,1)
Qq /2 + (cQu + cQd)/4.

(2.14)

The difference

cAv = cRv − cLv (2.15)

can only contribute to spin-dependent observables (see section 3.5).

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

ORr = O
(8)
tu − O

(8)
td , OLr = O

(8)
Qu − O

(8)
Qd and O

(8,3)
Qq . (2.16)

Again, parity arguments lead to the conclusion that the total cross section can only depend

on the combination

c′V v = (ctu − ctd)/2 + (cQu − cQd)/2 + c
(8,3)
Qq , (2.17)

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

c′Aa = (ctu − ctd)/2 − (cQu − cQd)/2 + c
(8,3)
Qq . (2.18)

and spin-dependent observables will depend on (see appendix C)

c′Av = (ctu − ctd)/2 − (cQu − cQd)/2 − c
(8,3)
Qq . (2.19)

Numerically, we shall see in section 3.2 that the isospin-0 sector gives a larger contri-

bution to the observables we are considering than the isospin-1 sector. This is due to the

fact that a sizeable contribution to these observables is coming from a phase-space region

near threshold where the up- and down-quark contributions are of the same order.

It is interesting to note that, in composite models, where the strong sector is usually

invariant under the weak-custodial symmetry SO(4) → SO(3) [41], the right-handed up

and down quarks certainly transform as a doublet of the SU(2)R symmetry, and therefore

cQu = cQd. There are however various ways to embed the right-handed top quarks into

a SO(4) representation [32]: if it is a singlet, then ctu = ctd also and the isospin-1 sector

reduces to the operator O
(8,3)
Qq only.

– 6 –
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t

t

−

g

g t

t

−

g

(a) Chromomagnetic operator Ohg = (HQ̄)σµνT At GA
µν

q

q
−

t

t

−

(b) Four-fermion operators

Figure 1. A Feynman representation of the relevant operators for tt̄ production at hadron colliders.

In summary, the relevant effective Lagrangian for tt̄ production contains a single two-

fermion operator and seven four-fermion operators conveniently written as:

Ltt̄ =+
1

Λ2

(

(chgOhg+h.c.)+
(

cR vOR v+cR aOR a+c′RrO
′
Rr+R↔ L

)

+c
(8,3)
Qq O

(8,3)
Qq

)

. (2.20)

The vertices arising from the dimension-six operators given in eq. (2.20) relevant for

top pair production at hadron colliders are depicted in figure 1.

2.3 Connection with composite top and resonance models

The effects of a composite top have been first studied in ref. [42]. The construction of an

effective Lagrangian for the fermionic sector has been discussed in details in ref. [32]. It

relies on the assumption of partial compositeness, meaning that SM fermions are assumed

to be linearly coupled to the resonances of the strong sector through mass mixing terms

(see e.g. [43]). The composite models are characterized by a new strong interaction re-

sponsible for the breaking of the electroweak symmetry and broadly parametrized by two

parameters [44]: a dimensionless coupling gρ and a mass scale mρ. The latter, associated

with the heavy physical states, was generically denoted Λ in eq. (2.9). In order to alleviate

the tension with EW precision data, we assume that in the limit where all the gauge and

Yukawa interactions of the SM are switched off, the full Higgs doublet is an exact Goldstone

boson living in the G/H coset space of a spontaneously broken symmetry of the strong

sector. In such a case, f , the decay constant of the Goldstones, is related to gρ and mρ by

mρ = gρf (2.21)

with 1 . gρ . 4π. The effective Lagrangian of the gauge and Higgs sectors was constructed

in ref. [44].

At energies below the resonances masses, the dynamics of the top sector is described

by the usual SM Lagrangian supplemented by a few higher dimensional operators. Simple

rules control the size of these different operators, referred as Naive Dimensional Analysis

(NDA) [45, 46]. Inspired by the rather successful chiral perturbation approach to QCD

at low scale, NDA provides the following rules for the effective operators beyond LSM in

equation (2.9):

1. first, multiply by an overall factor f2;

2. then, multiply by a factor 1
f for each strongly interacting field;

3. finally, multiply by powers of mρ (instead of Λ) to get the right dimension.

– 7 –
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Hereafter, we consider two classes of gauge-invariant operators which are relevant for

top pair production:

• Operators that contain only fields from the strong sector are called dominant because

their coefficients scale like g2
ρ. In most composite top models, only its right component

is composite to avoid experimental constraints. In this case, there is only one such

operator since the color octet equivalent is related to the color singlet by a Fierz

transformation (O
(8)
R = 1/3OR),

OR =(t̄γµt)(t̄γµt) . (2.22)

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

O
(1)
L =

(

Q̄γµQ
)(

Q̄γµQ
)

, O
(8)
L =

(

Q̄γµTAQ
)(

Q̄γµT
AQ
)

. (2.23)

In the most general scenario where both chiralities are composite, two additional

operators should also be considered,

O
(1)
S =

(

Q̄t
)

(t̄Q) , O
(8)
S =

(

Q̄TAt
)(

t̄TAQ
)

. (2.24)

Needless to say that none of these operators contribute at tree-level to tt̄ production.

Yet they are relevant for direct production of four top-quarks (see section 4).

• Operators which contribute directly to tt̄ production are subdominant. On the one

hand, the four-fermion operators given in eq. (2.20) contain at most two fields from

the strong sector and their coefficients (cR/Lv , cR/La, cR/Lr and c
(8,3)
Qq ) scale like g0

ρ at

best. On the other hand, the coefficient chg associated with the operator Ohg scales

as g−1
ρ (if only one field is composite), g0

ρ (if only two fields are composite) or gρ (if

the three fields are composite)

In the limit gρ ∼ 4π, the one-loop contributions of the dominant operators (2.22)–(2.24)

to top pair production may be as large as the tree-level contributions of the subdominant

ones given in section 2.2. However, the chiral structure of the dominant operators are

such that their one-loop corrections (see figure 2a and 2b) simply amount to redefining the

coefficients cRv and cLv in the Lagrangian (2.20) [47]:

δcRv

g2
s

=
g
(1)
S

2
− g

(8)
S

2
/6 − 4g2

R

3 (4π)2
log

(

Λ2

m2
t

)

+
g
(1)
S

2
− g

(8)
S

2
/6

3 (4π)2
log

(

Λ2

m2
b

)

δcLv

g2
s

=
g
(1)
S

2
− g

(8)
S

2
/6 − 4g

(1)
L

2
+ 8g

(8)
L

2
/3

3 (4π)2
log

(

Λ2

m2
t

)

+
2g

(8)
L

2

3 (4π)2
log

(

Λ2

m2
b

)

(2.25)

where g2
R, g

(i)
L

2
and g

(i)
S

2
are the coefficients of the operator OR, O

(i)
L and O

(i)
S respectively.

The operator (t̄LtR) (t̄LtR) and (t̄RtL) (t̄RtL) would induce a modification of chg at one

loop [47]. However, SU(2) gauge invariance requires to consider loop corrections induced

by a dimension-eight operator like
(

HQ̄t
) (

HQ̄t
)

with the Higgs field H replaced by its

vev (see figure 2b).
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R

R

L

L

(L,R)

(L,R)

(L,R)

(L,R)

(L,R)

(L,R)

,

(a) (a)

L

R

L

R

LR +

RL

R

L

LR

(b) (b)

Figure 2. Typical one loop contributions of (a) the dimension-six operators (2.22)–(2.24) leading

to δcRv and δcLv respectively once the equation of motion (2.6) is used, and (b) the dimension-eight

operator
(

HQ̄t
) (

HQ̄t
)

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

V

(L,R)

(L,R)

(L,R)

(L,R)

(a)

S(T )
R

L

L R

R

R
(b)

Figure 3. One particle exchange contributions to Ltt̄ in eq. (2.20): (a) the five four-fermion oper-

ators can be directly associated with the exchange of a spin-1 resonance once Fierz transformations

are used, (b) the single two-fermion operator Ohg can be indirectly associated with the exchange of

a spin-0 or spin-2 resonance coupled to two gluons via a fermion loop.

Similarly, the connection within resonance models is quite straightforward using the

standard Fierz relations of appendix A. The exchanges of heavy vectors and scalars lead

to four-fermion operators (explicit formulas are given for instance in ref. [20]) but cannot

contribute to the top chromo-magnetic moment at tree-level as a consequence of SU(3)c
gauge invariance (see figure 3a). Only higher-dimension effective operators quadratic in

the gluon field-strength can be induced in this frame. For example, a heavy scalar or

tensor induces at tree-level the operator
(

HQ̄t+ h.c.
)

GµνG
µν or

(

HQ̄t− h.c.
)

GµνG̃
µν (see

figure 3b). So, the operator Ohg can only be generated at the loop-level and is suppressed

in resonance models.
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Finally, note that a generic prediction of recent models of Higgs and top compositeness

is the existence of fermionic top partners (“custodians”) whose mass is below the mass scale

of the vector resonances mρ [48–50]. They do not appear in our low-energy effective field

theory approach. However, they could be produced singly or in pairs at the LHC, and decay

either into tZ, tH, bW or tW , therefore possibly making a new physics “background” to

tt̄ + X final states. We leave the study of these effects and their description in terms of

effective operators to future investigations.

3 Top pair production cross section

We now move to the core of our model-independent analysis whose goal is to evaluate the

LHC potential in probing new physics in top pair production beyond the Tevatron’s reach.

3.1 Partonic differential cross sections

As already mentioned, top pair production is calculated at the same order in 1/Λ as the

Lagrangian in eq. (2.20)

|M |2 = |MSM|2 + 2ℜ(MSMM
∗
NP) + O

(

1

Λ4

)

, (3.1)

where MNP represents the matrix element of all the (new physics) dimension-six operators

introduced in section 2.

From the Lagrangian in eq. (2.20), the two parton-level cross sections for tt̄ production

at O
(

Λ−2
)

follow from the Feynman diagrams depicted in figure 14 and 15 of appendix B.

Their expressions are (v = 246 GeV):

dσ

dt
(qq̄→ tt̄)=

dσSM

dt

(

1+
cV v± c′V v

2

g2
s

s

Λ2

)

+
1

Λ2

αs

9s2

((

cAa±
c′Aa

2

)

s(τ2−τ1)+4gschg

√
2vmt

)

(3.2)

dσ

dt
(gg → tt̄)=

dσSM

dt
+

√
2αsgs

vmt

s2
chg

Λ2

(

1

6τ1τ2
− 3

8

)

(3.3)

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

dσSM

dt
(qq̄ → tt̄) =

4πα2
s

9s2

(

τ2
1 + τ2

2 +
ρ

2

)

(3.4)

dσSM

dt
(gg → tt̄) =

πα2
s

s2

(

1

6τ1τ2
− 3

8

)

(ρ+ τ2
1 + τ2

2 − ρ2

4τ1τ2
) (3.5)

with τ1 =
m2

t − t

s
, τ2 =

m2
t − u

s
, ρ =

4m2
t

s
. (3.6)

The Mandelstam parameter t is related, in the tt̄ center-of-mass frame, to the angle θ be-

tween the momenta of the incoming parton and the outgoing top quark by (β =
√

1 − 4m2

s )

m2
t − t =

s

2
(1 − β cos θ) . (3.7)
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Ref. [24] Ref. [19] Ref. [51] Ref. [20] Ref. [21]

chg 2CtG g1gs
1
2C

33
uGφ

cV v
1
4

(

C1
u+C2

u+C1
d +C2

d

)

−g2g2
s(*)

g2

s

4 (κu
R+κd

R+κu
L+κd

L)(*)
g2

s

2 (C1+C2)

cAa
1
4

(

C1
u−C2

u+C1
d−C2

d

) g2

s

4 (κu
R+κd

R+κu
L+κd

L)(*)
g2

s

2 (C1−C2)

c′V v
1
2

(

C1
u+C2

u−C1
d−C2

d

) g2

s

2 (κu
R−κd

R+κu
L−κd

L)(*)

c′Aa
1
2

(

C1
u−C2

u−C1
d +C2

d

) g2

s

2 (κu
R−κd

R+κu
L−κd

L)(*)

Table 1. Dictionary between our parameters and those used in recent papers on the subject. They

all agree eventually up to a sign for those that are labeled by a (*). For ref. [24], C
(8,3)
qq = c

(8,3)
Qq .

Blank entries mean that the corresponding operators were not considered.

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

2

are invariant under θ → π − θ.

Similar results have already been derived in the literature. For instance, these cross sec-

tions were recently fully computed in ref. [24] and consistent with our expressions with the

identifications given in table 1. This non exhaustive table also gives the correspondences

with respect to some other recent works [19–21, 51]. Note that the contribution of the

chromomagnetic operator Ohg has been extensively discussed in the literature [14–17] and

recently revisited for both processes in ref. [21, 22].

As can be seen from eqs. (3.5) and (3.3), the new physics and the SM contributions

for gluon fusion have a common factor. In fact, this common factor is what is mainly

responsible for the shape of the distributions of the SM. This is the reason why, as we will

stress again in the following, the operator Ohg can hardly be distinguished from the SM in

gluon fusion.

Equation (3.2) shows that only two kinds of four-fermion operators actually contribute

to the differential cross-section after averaging over the final state spins:

• the first one is responsible for the even part in the scattering angle proportional to

cV v ± c′V v

2

t̄γµTAtq̄γµTAq (3.8)

where here t and q = u, d stand for the full 4-component Dirac spinor;

• the second one is responsible for the odd part in the scattering angle proportional to

cAa ± c′Aa

2

t̄γµγ5T
Atq̄γµγ5T

Aq. (3.9)

3.2 Total cross section

3.2.1 LHC-Tevatron complementarity

Since the dependence on cAa and c′Aa vanishes after the integration over the kinematical

variable t, the total cross section depends thus only on the three parameters chg cV v and

c′V v. Moreover, the tt̄ production by gluon fusion only depends on the coefficient of the
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operator Ohg. Our results for tt̄ production are obtained by the convolution of the analytic

differential cross section of eqs. (3.2) and (3.3) with the pdf (taking CTEQ6L1 [52]). We

have also implemented the new vertices in MadGraph [53] and used them to validate our

results. At leading order, we have

• at the LHC (
√
s = 14 TeV):

σ (gg→ tt̄) /pb=466+146
−103+

(

127+31
−23

)

chg

(

1 TeV

Λ

)2

, (3.10)

σ (qq̄→ tt̄) /pb=72+16
−12+

[(

15+2
−1

)

cV v+
(

17+3
−2

)

chg+
(

1.32+0.12
−0.12

)

c′V v

]

(

1 TeV

Λ

)2

, (3.11)

σ (pp→ tt̄) /pb=538+162
−115+

[(

15+2
−1

)

cV v+
(

144+34
−25

)

chg+
(

1.32+0.12
−0.12

)

c′V v

]

(

1 TeV

Λ

)2

. (3.12)

• at the LHC (
√
s = 7 TeV):

σ (pp→ tt̄) /pb=94+22
−17+

[(

4.5+0.7
−0.6

)

cV v+
(

25+7
−5

)

chg+
(

0.48+0.068
−0.056

)

c′V v

]

(

1 TeV

Λ

)2

. (3.13)

• at the Tevatron (
√
s = 1.96 TeV):

σ (gg→ tt̄) /pb=0.35+0.20
−0.12+

(

0.10+0.05
−0.03

)

chg

(

1 TeV

Λ

)2

, (3.14)

σ (qq̄→ tt̄) /pb=5.80+2.21
−1.49+

[(

0.87+0.23
−0.16

)

cV v+
(

1.34+0.42
−0.30

)

chg+
(

0.31+0.08
−0.06

)

c′V v

]

(

1 TeV

Λ

)2

,

(3.15)

σ (pp→ tt̄) /pb=6.15+2.41
−1.61+

[(

0.87+0.23
−0.16

)

cV v+
(

1.44+0.47
−0.33

)

chg+
(

0.31+0.08
−0.06

)

c′V v

]

(

1 TeV

Λ

)2

.

(3.16)

Numerically, the contribution from the isospin-1 sector (c′V v) is suppressed compared to the

contribution of the isospin-0 sector (cV v) and this suppression is more effective at the LHC

than at the Tevatron. This is due to the fact that, at Tevatron, the top pair production by

up-quark annihilation is 5÷ 6 times bigger than by down-quark annihilation. At the LHC,

this ratio is reduced to 1.4 only. In most of the rest of our analysis, we shall neglect the

contribution from the isospin-1 sector since it is subdominant.

The measurements of the total cross section at the Tevatron and at the LHC are

complementary as shown in figure 4. As expected, the LHC pp → tt̄ total cross section

strongly depends on chg. Consequently, it can be used to constrain directly the allowed

range for chg. On the contrary, the corresponding Tevatron cross-section depends on both

chg and cV v and constrains thus a combination of these parameters.

In figure 4, we assume that the central measured value of the cross section at the LHC

coincides with the SM theoretical prediction. Figure 5 shows how the allowed region is
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shifted to the left (right) if the measured value is lower (higher) than the computed value.

We use the NLO+NLL prediction [54] for the SM cross section (mt =174.3 GeV) at the LHC

σ14TeV
th = 832+75

−78(scale)
+28
−27(pdf) pb,

σ7TeV
th = 146+12

−13(scale)
+11
−11(pdf) pb, (3.17)

and at the Tevatron

σ1.96 TeV
th = 6.87+0.26

−0.48(scale)
+0.47
−0.33(pdf) pb. (3.18)

In figure 4, we combine the errors linearly. For the experimental value, we use the CDF

combination of all channel at 4.6 fb−1 [55],

σ1.96TeV
obs = 7.5 ± 0.31(stat) ± 0.34(syst) ± 0.15(lumi) pb (3.19)

and combine the errors quadratically. Due to the rather large uncertainties on the theoreti-

cal normalization, the region allowed by the total cross section measurement remains large.

Even if the experimental precision becomes very good, a rather large allowed region will

remain due to the theoretical uncertainties. An improvement of the theoretical prediction

for top pair production in SM is necessary to reduce the allowed region. The theoretical

uncertainties for the new physics part are estimated by changing the factorisation scale µF

and the renormalisation scale µR. The errors from the pdf are not computed. The errors

on the exclusion regions at the LHC are not shown but are about 20% and are symmetric

(10% on each side of the allowed region).

The absence of a large deviation in the measurement of the cross section at the Tevatron

implies cV v ≈ −1.6 chg if the scale of new physics is rather low. From the discussion at

the end of the classification of section 2.3, it would mean that chg and cV v are both of

the O(g0
ρ), indicating that either both chiralities of the top or one chirality of the top and

the Higgs boson are composite fields. Compared to the SM prediction, this would give a

maximum deviation of the order of 25% for the tt̄ production cross-section at the LHC

when chg

(

1 TeV
Λ

)2 ∼ 2.

3.2.2 Domain of validity of the results

Our calculation is performed at order O(1/Λ2) as we keep only the interference term

between the dimension-six and the Standard Model and we neglect any contribution sup-

pressed by higher power of Λ. The validity of our results is thus limited to values of new

coupling parameters and Λ satisfying

σ|
O(Λ−2) & κ σ|

O(Λ−n) (3.20)

where n > 2 and κ should be at least 2 in order to keep higher order the correction below

50%. We have estimated the size of the O(Λ−4) contributions by computing the squared

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

σ|
O(Λ−4) ∼ σNP2 =

(

22.5 c2hg + 3.7 c2V v

)

×
(

1 TeV

Λ

)4

pb (3.21)
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chg´ H1TeV �LL2

c V
v´
H1T
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�L
L2

0%0% 10%-10% 20%-20%

Figure 4. Region allowed by the Tevatron constraints (at 2σ) for c′V v = 0. The green region is

allowed by the total cross section measurement. The blue region is consistent with the tt̄ invariant

mass shape. The red lines show the limits that can be set by the LHC at 7 TeV (thin line) and at

14TeV (thick line) as soon as a precision on the top pair cross section of 10% and 20% respectively is

reached. The “0%”line delimits the region where the new physics contributions are smaller than the

theoretical error on the SM cross section. The dashed (µF = µR = mt

2 ), dotted (µF = µR = 2mt)

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

and, at the Tevatron,

σ|
O(Λ−4) ∼ σNP2 =

(

0.103 c2hg + 0.060 c2V v

)

×
(

1TeV

Λ

)4

pb (3.22)

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

|ci|
(

1 TeV
Λ

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

region shrinks to |chg|
(

1 TeV
Λ

)2
. 6/κ and |cV v|

(

1 TeV
Λ

)2
. 4/κ. Nevertheless, outside

this region, the effect of the new physics should remain more or less of the same order

excepted of course if there is some huge cancellation. Moreover, the cross-section is expected

to be harder and harder as operators of higher dimensions are included in the effective

Lagrangian. Ultimately some resonance threshold will be reached, leading to a radically

different cross-section than the one predicted by the Standard Model.

It was found recently in ref. [25] that for the four-fermion operators, there are O(1/Λ4)

corrections from non-interfering contributions that can be almost as large as the O(1/Λ2)

interfering contributions at the LHC if Λ ∼ 1TeV. However, at the LHC, these four-fermion

operators give small contributions compared to the chromomagnetic operator. So we can

conclude that including non-interfering four-fermion operators will not change much our

numerical analysis.

Finally, to have an idea on how heavy the particles associated with new physics should

be to allow an effective field theory treatment at the LHC, we compare in figure 6 the
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Figure 5. Summary plot (taking µF = µR = mt and defining the exclusion region at 2σ). The

yellow region is excluded by the Tevatron. The green (blue) region is excluded by LHC at 7TeV

(14 TeV) after a precision of 10% is reached on the tt̄ cross section. In the first plot, it is assumed

that the measured cross section is the SM value. If the measured value deviates from the SM one,

the center of the unconstrained white region will be translated along the thin black line as indicated.

For instance, the second and third plots show the displacement of the white region if the measured

σtt̄ is respectively +10% and −20% of the SM value.

correction to the SM cross-section at the LHC due to a W ′ (whose coupling to d and t

quarks is 1) and the correction due to the corresponding effective operators (CV v = −1/2,

C ′
V v = −1, Λ = MW ′). This plot shows that for MW ′ & 1.5 TeV the effective operators are

a very good approximation (up to a few percents) at the LHC, although this depends on

the coupling. We will show in figure 9 that a similar conclusion is reached at the Tevatron.

Consequently, the resonance models cannot be constrained in our effective approach since

the exclusion regions in figure 5 correspond, for example, to a relatively light resonance

(M . TeV) with a coupling of order 1.

3.3 tt̄ invariant-mass, pT and η distributions

It was shown in ref. [19] that the operators Ohg and ORv can modify the invariant mass

distribution at the Tevatron without drastically affecting the total cross section, although

no constraint was derived explicitly. We use in this section the latest CDF data [31] to
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Figure 6. Correction to the SM cross-section at the LHC due to a W ′ and comparison with the

effective field theory approach.

further constrain new physics. See also ref. [51] for a similar study on the L̄LL̄L and

R̄RR̄R operators with the first data [56]. Since we have already used the measured total

cross section to constrain the parameter space here we only employ the shape information.

For the sake of simplicity, in our analysis we assume that the measured values mi are

normally distributed around the corresponding theoretical predictions ti with a standard

deviation σi given by their errors. Errors coming from different sources have been combined

quadratically. We multiply by a common free coefficient ζ the theoretical prediction to get

rid of the normalisation constraint. In practice, we use the best value for ζ. The quantity

n
∑

i=1

(mi − ζti)
2

σ2
i

(3.23)

is then distributed as a χ2 with n− 1 degrees of freedom. The theoretical predictions are

obtained by integrating eqs. (3.2) and (3.3) over the scattering angle. The explicit formulas

are given in appendix C. The SM distribution is computed at the tree level and normalised

to the NLO+NLL result. The errors on the contribution of the operators are estimated

by changing the factorisation and renormalisation scales. We take into account the bins

between 350 GeV and 600 GeV (n = 13). We cannot use the full distribution since our

calculation only makes sense if |gNP| s
Λ2 ≪ 1. So mtt̄ . 1 TeV if Λ ∼ 1 TeV. The bound

mtt̄ < 600 GeV seems reasonable since, even in the region |gNP|(1 TeV
Λ )2 ∼ 4, the estimation

of the 1/Λ4 corrections from |MNP|2 are a bit less than 50% of the 1/Λ2 corrections. For

the next bins, these next order corrections become too large.

In figure 4, we show the region consistent at 95% C.L. with the tt̄ invariant mass

constraints reported in ref. [31]. As expected, the invariant mass shape is sensitive to

a very different combination of the parameters than the total cross section. Indeed, the

interferences with the operators ORv and OLv grow faster than the SM by a factor s,

which is not the case for Ohg. The shape depends thus strongly on cV v. The Tevatron

measurement already excludes the region cV v

(

1 TeV
Λ

)2
& +2.

The good constraints obtained with the invariant mass at the Tevatron suggest to

look for similar effects at the LHC. However, at the LHC, the top pair is mainly produced
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Figure 7. On the left: normalized differential cross sections of the SM, 1
σSM

dσSM

dX , and of the

interferences of the SM with Ohg and with ORv and OLv,
1

σNP

dσNP

dX , as a function of mtt̄, pT and

η for the LHC at 14TeV. On the right: normalized cross section of the SM, 1
σSM

dσSM

dX , and of the

SM and the interference with the new physics, 1
σSM+σNP

dσSM+σNP

dX (for chg = 1, cV v = −2 and

Λ = 1TeV).

by gluon fusion and the contributions of ORv and OLv are much smaller than the SM

contribution. Moreover, the effect of these operators becomes important at high energy

where our expansion breaks down. Only Ohg has an important contribution. However,

this contribution has a similar shape as that of the SM for reasons already mentioned in

section 3.1 and confirmed by figure 7. The effects of the new operators will be much harder

to be seen in the mtt̄ distribution but also in the pT and η at the LHC, as shown in figure 7.

3.4 Forward-backward asymmetry

In this section we analyse the forward-backward asymmetry in our framework (for an

analogous study with older data see ref. [20]). The forward-backward asymmetry in tt̄
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production is defined as

AFB ≡ σ (cos θt > 0) − σ (cos θt < 0)

σ (cos θt > 0) + σ (cos θt < 0)
(3.24)

where θt is the angle between the momenta of the incoming parton and the outgoing top

quark in the laboratory frame. In the Standard Model, there are no preferred directions

for the top and anti-top quarks at the lowest order. A positive asymmetry is generated at

NLO, i.e., top quarks prefer to go in the direction of the incoming quark and the anti-top

quarks in the direction of the incoming antiquark [57]:

ASM
FB = 0.05 ± 0.015. (3.25)

The recent measurement of AFB at the Tevatron shows an intriguing deviation from the

Standard Model prediction [58–60]. The most recent CDF result (5.3 fb−1) [61]

AEXP
FB = 0.15 ± 0.05(stat) ± 0.024(syst), (3.26)

is larger by about 2σ than the SM prediction. While a thorough investigation within

the Standard Model and in particular of the impact of the unknown higher order QCD

corrections would be certainly welcome, it is tempting to explain this discrepancy as the

effect of new physics in various models [20, 51, 62–72]. An attractive, simple and model-

independent alternative is to consider the low energy effective field theory of section 2. A

first obvious observation is that no asymmetry can arise in gluon fusion in which the initial

state is symmetric. From eq. (3.2), we see that the asymmetry can only depend on cAa

and c′Aa. Since their contribution is a purely odd function of the scattering angle θ defined

in eq. (3.7), these coefficients are only constrained by the asymmetry and not by the total

cross section nor the invariant mass distribution. After integration with the pdf, we find

in the lab frame

σ(cos θt>0) − σ(cos θt<0)=
(

0.235+0.067
−0.042 cAa + 0.088+0.024

−0.016 c
′
Aa

)

×
(

1 TeV

Λ

)2

pb (3.27)

where again the errors are estimated by varying the factorisation and renormalisation

scales. Assuming that the total cross section is given by eq. (3.18), the correction to the

SM asymmetry can be expressed as

δAdim 6
FB =

(

0.0342+0.016
−0.009 cAa + 0.0128+0.0064

−0.0036 c
′
Aa

)

×
(

1 TeV

Λ

)2

(Tevatron). (3.28)

We see once again that the leading contribution comes from the isospin-0 operators. The

region of parameter space in the (cAa,Λ) plane that can explain the AFB for c′Aa = 0 is

shown in figure 8.

It is instructive to link the simple analysis given above with models featuring an ax-

igluon A, i.e., a massive color octet gauge boson coupled to chiral fermionic currents. These

models do generate a forward-backward asymmetry due to the interference between the SM

amplitude and that of qq̄ → A→ tt̄. If the scattering energies are smaller than the mass of
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Figure 8. Region of parameter space that can explain the AFB measurement at the Tevatron at

one σ for c′Aa = 0.

the axigluon, the interference terms exactly match the term in eq. (3.2) proportional to cAa.

If the axigluon has a flavour-universal coupling to fermions with a strength proportional to

the QCD couplings, gs, as in ref. [57], then the relation cAa/Λ
2 = −2g2

s/m
2
A (where mA is

the axigluon mass) obviously leads to a negative asymmetry. To generate a positive asym-

metry that could explain the Tevatron result, a flavour non-universal axigluon is needed.

More precisely, the coupling of the axigluon to the third generation and to the light quarks

should be of opposite sign [65, 71, 73]: cAa/Λ
2 = −2gq

Ag
t
A/m

2
A is then positive and can

potentially explain the Tevatron data for a mass of the axigluon around 1.5 TeV provided

that its couplings are of the same order as the QCD coupling.3 We also note that models

where a flavour-violating Z ′ is exchanged in the t-channel in qq̄ → tt̄ , have a chance to

give a positive asymmetry only if the Z ′ is relatively light [63]. Indeed, in the heavy regime

(mZ′ ≫ mt), the contribution of the Z ′ to the top pair production is fully captured in

terms of our effective Lagrangian with in particular cAa/Λ
2 = −(gL

q
2

+ gR
q

2
)/m2

Z′ , where

gi
q denotes the coupling of Z ′ to the flavour-off diagonal current t̄iγ

µqi. Therefore it leads

to a negative asymmetry.

In figure 9, we plot the prediction for AFB from an axigluon with coupling gs to all

fermions and the prediction obtained with the corresponding effective operator (CAa =

−2g2
s , C ′

Aa = 0, Λ = MA). This shows that our effective field theory approach is a

good approximation at the Tevatron for masses MA & 1.5 TeV, comparably to the LHC

(see figure 6).

Finally, as an illustration of the simplicity of such an approach, we consider the forward-

backward asymmetry at LHC. In this case the symmetry of the pp collision and the dom-

inance of the gg channel for tt̄ make it particularly challenging. A possibility is to build

the so-called central rapidity asymmetry

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

σt (|y| < yC) + σt̄ (|y| < yC)
(lab frame) , (3.29)

3It has been noted [71] recently that concrete realizations of this axigluon idea [65] are endangered by

data on neutral Bd-meson mixing.
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field theory approach.

where yC is the rapidity cut defining the “centrality” of an event. The value yC = 1 has been

shown to be close to optimal in ref. [57]. A straightforward calculation using cAa

(

1TeV
Λ

)2
=

2 as a central extraction from the Tevatron data gives rise to very small asymmetries,

AC . 1%, at the LHC both at 14 TeV and 7 TeV. While the effects of new physics could

be enhanced by requiring, for instance, a minimal invariant tt̄ mass, it is also clear that

measurements of forward-backward asymmetries will be very challenging at the LHC.

3.5 Spin correlations

We are here focussing on spin correlations which can provide further information on the

coupling structure of the production mechanism (for alternative approaches see ref. [74]).

Spin correlations are good observables to disentangle the contributions from the two op-

erators ORv and OLv since at high energy OR/Lv should produce mainly right/left-handed

tops and left/right-handed antitops.

In fact, there is only one dimension-six operator affecting the top decay, (HQ̄)σµνσItW I
µν ,

which however does not modify the maximal spin-correlation in the leptonic decays of the

top quark [24, 75, 76], i.e.,

Γ↑

Γ
=

1 + cos θ

2
,

Γ↓

Γ
=

1 − cos θ

2
, (3.30)

where θ is the angle between the charged lepton and the spin of the top quark and the

arrows denote the different projections of the top spin. Consequently, the general form of

the normalized differential tt̄ cross section is given by

1

σ

dσ

d cos θ+d cos θ−
=

1

4
(1 + C cos θ+ cos θ− + b+ cos θ+ + b− cos θ−) , (3.31)

where θ+ (θ−) is the angle between the charged lepton l+ (l−) resulting from the top

(antitop) decay and some reference direction ~a (~b). For this study, we chose the helicity

basis, ~a = −~b = ~p1 where ~p1 is the top momentum in the tt̄ rest frame.4 There is a

4It has been shown [77] that spin correlation effects in the SM are more important at the Tevatron in

the beam basis. However, it appears that the deviations from the SM values due to the operators Ohg, ORv

and OLv are on the contrary smaller in the beam basis.
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one-to-one relation between the parameters C and b± and the helicity cross sections,

C =
1

σ
(σRL + σLR − σRR − σLL) , (3.32)

b+ =
1

σ
(σRL − σLR + σRR − σLL) , (3.33)

b− =
1

σ
(σRL − σLR − σRR + σLL) . (3.34)

The explicit formulas for the helicity cross sections are given in appendix C and lead to

(neglecting the contributions from the isospin-1 sector):

C × σ/pb = 2.82+1.06
−0.72 +

[(

0.37+0.10
−0.08

)

chg +
(

0.50+0.13
−0.10

)

cV v

]

×
(

1 TeV

Λ

)2

, (3.35)

b× σ/pb =
(

0.45+0.12
−0.09

)

cAv ×
(

1 TeV

Λ

)2

, (3.36)

at the Tevatron, and

C × σ/pb = −166+52
−37 +

[(

−69+17
−13

)

chg +
(

11+1
−1

)

cV v

]

×
(

1 TeV

Λ

)2

, (3.37)

b× σ/pb =
(

10+1
−1

)

cAv ×
(

1 TeV

Λ

)2

, (3.38)

at the LHC. The parameters b± are exactly proportional to the difference cRv − cLv and

thus allow us to distinguish between right or left handed top quarks. Additionally, the

parameter C depends quite strongly on chg and cV v and can be used to detect the presence

of new physics as shown in figure 10 for the Tevatron and the LHC respectively. The errors

on the contour lines are only of a few percents.

As expected, the parameters b = b+ = b− only differ slightly from zero at the LHC

where the contributions of ORv and OLv are small. A possible modification of the spin

distribution both at the Tevatron and the LHC is shown in figures 11. However, it will be

quite difficult to measure them at the Tevatron where only a few hundreds of events are

expected and observed (ref. [79] and ref. [7] therein), while at the LHC we expect about a

few millions of events after 100 fb−1 [80, 81].

4 tt̄bb̄ and tt̄tt̄ production at the LHC

While tt̄ production appears as the leading process to probe any new physics in the top sec-

tor, there are physical situations where the operators of Ltt̄ are parametrically suppressed.

As shown in section 2.3, this is the case if the top quark is not an elementary particle

but rather a composite bound state: the dominant operators are the ones involving com-

posite states only. The tt̄ process is still probing the dominant operators but at the loop

level only. In these situations, a much better probe of the dominant dynamics (eqs.(2.22)

to (2.24)) is the direct production of four top-quarks or the production of two top- and two

bottom-quarks [32].
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Figure 10. Top panel: Deviations from the SM prediction at the Tevatron (C = 0.47, b = 0) [78]

for the parameters C (on the left) and b = b+ = b− (on the right) in the region allowed by the

Tevatron. Bottom panel: Deviations at the LHC from the SM prediction (C = −0.31, b = 0) [78].

The SM cross section for 4-top production is rather small (of the order of 5 fb at the

LHC) and the operators of eqs. (2.22)–(2.24) can easily give larger contributions. Contrary

to pair production, the smallness of the SM cross section urges us to keep the squared

amplitude from new physics instead of the interference with the SM as shown in table 2.

The two contributions are equal for 0.25 < ci
(

1TeV
Λ

)2
< 0.75 where ci generically denotes

the coefficient of the operator Oi. The range of this critical value is due to the different

operators. Thus, we are effectively computing the cross sections at the order O(Λ−4) and

we also neglect the interference between the SM and any dimension-8 operators. The SM

tt̄bb̄ production is not as suppressed as the 4-top production, so the same approximation

would be a priori valid only for smaller values of the scale of new physics (or for larger

couplings). However, we can make use of the particular kinematics associated to the
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Figure 11. Distribution of events at the Tevatron/LHC (top panel/bottom panel) for the SM (on

the left) and for cRv = −2, cLv = 0, chg = 1 and Λ = 1TeV (on the right) with µF = µR = mt.

new physics operators to improve our approximation. Indeed, the new physics squared

amplitudes grow with the energy as shown in figure 12. Therefore the bb̄ pair will be

produced with a higher invariant-mass in presence of new physics, and a cut on the bb̄

invariant-mass will suppress the O(Λ−2) terms compared to the O(Λ−4) ones. Moreover,

such a cut will also improve the ratio of the signal over the SM background as shown

on figure 13.

For both tt̄tt̄ and tt̄bb̄ production, the operators defined in eqs. (2.22)–(2.24) give

cross sections of the same order of magnitude (see table 2) and it is not possible to dis-

tinguish them just by a measurement of the total cross-section. Furthermore, as figure 12

suggests, they also generate similar distributions for all the spin-independent variables.

However, the ratio of the two cross sections appears to be very different for the different
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σ4t σΛ−2

4t σΛ−4

4t σtt̄bb̄ σΛ−2

tt̄bb̄
σΛ−4

tt̄bb̄
σcut

tt̄bb̄
σcut

tt̄bb̄
/σ4t

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

SM 4.86 - - 7.2 - - 0.348 71.6

O
(1)
R - 2.7 138 - - - - -

O
(1)
S - 2.9 48 - <1.1 7.60 4.40 92

O
(8)
S - 0.49 11 - <0.2 1.28 0.76 71

O
(1)
L - 2.7 138 - <0.5 3.61 2.12 15.6

O
(8)
L - 0.91 15 - 0.49 0.77 0.42 28.2

Table 2. The tt̄tt̄ (µF = µR = 4mt) and tt̄bb̄ (µF = µR = 2mt) cross-sections for Λ = 1TeV

and ci = 4π. The interferences between the SM and the new physics, given in the third and sixth

column, can be neglected. The squared amplitudes from new physics are in the fourth and seventh

column. The new physics contributions for a different scale Λ and different couplings ci are simply

obtained by multiplying the numbers given above by a factor (ci/(4π))2 × (1 TeV/Λ)4.
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Figure 12. Normalized cross sections at the LHC for the tt̄bb̄ production as a function of the bb̄

invariant-mass. The continuous line represents the SM while the dark dashed/dotted lines represent

the contributions of the scalar color-singlet operator OS/color-octet operator O
8
S and the gray

dashed/dotted lines represent the contributions of the vector color-singlet operator OV /color-octet

operator O
8
V . Since we neglected the interference terms between the SM and the new physics

contribution, the distributions are independent of the new physics scale and of the actual couplings

in front of the dimension-6 operators.

operators and it is also independent of the new physics scale and of the actual couplings

in front of the dimension-6 operators provided that the interferences with the SM contri-

bution can be safely neglected. A detailed study of four-top production at the LHC will

be presented in ref. [82] (see ref. [83] for a preview).
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Figure 13. Effect of the bb̄ invariant-mass cut on the signal over background ratio. R =
σNP(m

bb̄
>cut)

σSM(m
bb̄

>cut)/
σNP

σSM
is the double ratio of the signal (contribution from new operators) over the

background (contribution of the SM) with and without the cut on the bb̄ invariant mass. In our

approximations, R is independent of the new physics scale and of the actual couplings in front of

the dimension-6 operators.

5 Summary

In theories that provide a mechanism for mass generation, new physics must have a large

coupling to the top quark. It is therefore natural to use top quark observables to test

the mechanism responsible for electroweak symmetry breaking. We have shown how non-

resonant top-philic new physics can be probed using measurements in top quark pair pro-

duction at hadron colliders.

Some of our results already appeared in the literature, although only subsets of di-

mension-six operators were considered. For instance, there is an extensive literature [14–

17, 21, 22] on the operator Ohg, the chromomagnetic dipole moment of the top quark,

while other works focused on the effect of additional four-fermion operators on top pair

production at the Tevatron [18–20, 51]. Recently, all relevant operators were properly

accounted for in ref. [24] which however did not cover the corresponding phenomenological

analysis. In our work, the aim is to provide a complete and self-consistent treatment

in a model-independent approach and, especially, to extract the physics by combining

information from the Tevatron and the LHC.

The analysis can be performed in terms of eight operators, suppressed by the square

of the new physics energy scale Λ. Observables depend on different combinations of only
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four main parameters

σ(gg → tt̄), dσ(gg → tt̄)/dt ↔ chg

σ(qq̄ → tt̄) ↔ chg, cV v

dσ(qq̄ → tt̄)/dmtt ↔ chg, cV v

AFB ↔ cAa

spin correlations ↔ chg, cV v, cAv

where chg is the parameter associated with the chromomagnetic dipole moment operator

and cV v, cAa, cAv correspond to particular combinations of four-fermion operators defined

in section 2.2. Let us summarize our main results on these observables.

1. Since top pairs are mainly produced by gluon fusion at the LHC, the measurement

of the tt̄ cross-section at the LHC will determine the allowed range for chg. In

contrast, the Tevatron cross section is also sensitive to the four-fermion operators

and constrains a combination of chg and cV v. Consequently, the measurements of

the total cross section at the Tevatron and at the LHC are complementary and

combining the two will pin down the allowed region in the (chg, cV v) plane. We

emphasize that the Ohg operator can only be generated at the loop-level in resonance

models. Consequently, chg is expected to be small in such models.

2. The shape of the invariant mass distribution at the Tevatron is sensitive to a combi-

nation of the parameters cV v and chg which is different from the combination control-

ling the total cross section. It depends quite strongly on the presence of four-fermion

operators and was used to further reduce the parameter space mainly along the

cV v direction.

3. The forward-backward asymmetry that probes different operators than those affecting

the cross section or the invariant mass distribution could be the first sign of new

physics at the Tevatron. The scale of the new interaction(s) can then be estimated

from the value predicted by our effective Lagrangian approach if a deviation from the

SM is confirmed.

4. The three observables σ, dσ/dmtt̄ and AFB are unable to disentangle between theo-

ries coupled mainly to right- or left-handed top quarks. However, spin correlations

allow us to determine which chiralities of the top quark couple to new physics, and

in the case of composite models, whether one or two chiralities of the top quark

are composite.

In composite models, the ratio of cV v and chg is very important since it reflects the

number of composite fields in the SM. However, the peculiar hierarchy between dominant

and subdominant operators cannot be tested in tt̄ production that depends on one class

of operators only. Fortunately, composite models can be further tested through the golden

four-top channel and tt̄bb̄ production at the LHC. Both processes are necessary to identify

the dominant operators and thus to extract their coefficients. The hierarchy between the

operators can be tested and used to estimate the strength of the new strong interaction, gρ.
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We stress that the results for top pair production are generic while those for tt̄tt̄ and tt̄bb̄

production require the enhancement due to a strong interaction. These two processes would

disappear in the SM background if they are not enhanced by a factor g2
ρ.

Finally, we stress that in the most recent compositeness scenarios, other mechanisms

could lead to tt̄+X final states, such as the decays of fermionic top partners, adding to the

richness and interest of these final states. Studying higher dimensional operators capturing

these effects could be interesting. We leave this for future investigation.
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A Fierz transformations

We are collecting here some Fierz transformations that are needed to reduce the basis of

independent dimension-six operators. The same transformations are also useful to compute

the effective Lagrangian obtained after integrating out some heavy resonances.

δijδkl =
1

2
σI

ilσ
I
kj +

1

2
δilδkj , (A.1)

δabδcd = 2TA
adT

A
cb +

1

3
δadδcb , (A.2)

(γµPL/R)α
β(γµPL/R)γ

δ = −(γµPL/R)α
δ(γµPL/R)γ

β (A.3)

(γµPR)α
β(γµPL)γ

δ = 2 (PL)α
δ(PR)γ

β , (A.4)

(PL/R)α
β(PL/R)γ

δ = −1

2
(PL/R)α

δ(PL/R)γ
β+

1

8
(γµνPL/R)α

δ(γµνPL/R)γ
β, (A.5)

where PL/R = (1 ∓ γ5)/2 are the usual chirality projectors and γµν = 1
2 [γµ, γν ].

B Feynman diagrams for tt̄ production at order O (Λ−2)

At the O(Λ−2) order, the two parton-level cross sections for tt̄ production follow from the

Feynman diagrams depicted in figure 14 and 15.
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Figure 14. Feynman diagrams for gg → tt̄ up to O
(

Λ−2
)

. The dark blobs denote interactions

generated by the operator Ohg.

+ +

q

q̄

t

t̄
SM

Figure 15. Feynman diagrams for qq̄ → tt̄ up to O
(

Λ−2
)

. The diagram in the middle originates

from the four-fermion interactions induced by the operators OL/Rv, OL/Ra and O
(8,3)
Qq . The diagram

on the right is the contribution from the operator Ohg.

C Helicity cross sections and mtt̄ distribution

As explained in section 2.2, when summed over the helicities of the final top, the cross sec-

tion for the tt̄ production depends only on the sum cV v = cRv + cLv (and on the suppressed

isospin-1 sector contribution c′V v defined in eq. (2.17)). However the individual helicity

cross sections are sensitive to cRv and cLv individually since at high energy ORv (OLv)

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

σRR(gg→ tt̄) =
πα2

s

24 (4m2−s) s3

{

(

16m4
t +58sm2

t +s2
)

log





s+
√

s
(

s−4m2
t

)

s−
√

s
(

s−4m2
t

)



m2
t

−2
√

s
(

s− 4m2
t

) (

62m4
t − 7sm2

t + 2s2
)

− chg

gsΛ2
2
√

2svmt

[

√

s
(

s− 4m2
t

) (

14m2
t + 13s

)

+
(

4m4
t − 34m2

t s
)

log





s+
√

s
(

s− 4m2
t

)

s−
√

s
(

s− 4m2
t

)





]}

,

σLL(gg→ tt̄) = σRR(gg → tt̄),

σRL(gg→ tt̄) =

(

1 +
chg

gsΛ2
4
√

2mtv

)

πα2
s ×

11
√

s
(

s− 4m2
t

) (

m2
t − s

)

+
(

2m4
t − sm2

t − 4s2
)

log

(

s−
q

s(s−4m2
t )

s+
q

s(s−4m2
t )

)

24
(

s− 4m2
t

)

s2
,

σLR(gg → tt̄) = σRL(gg → tt̄). (C.1)

and for the quark annihilation, by (the + sign in front of c′V v and c′Av is for the up quark,

the − for the down quark)

σRR(qq̄ → tt̄) =
8m2

tπα
2
s

27s5/2

√

s− 4m2
t

(

1 +
chg

gsΛ2

√
2
vs

mt
+
cV v ± c′V v

2

g2
sΛ

2
s

)

,

σLL(qq̄ → tt̄) = σRR(qq̄ → tt̄),

σRL/LR(qq̄ → tt̄) =
4πα2

s

27s3/2

√

s−4m2
t

(

1+
chg

g2
sΛ

2
4
√

2vmt+

√
s

g2
sΛ

2

((

cV v ±
c′V v

2

)√
s

±
(

cAv±
c′Av

2

)
√

s− 4m2
t

)

)

(C.2)

The first/second index indicates the helicity of the top/antitop. There are no effects of the

operators ORa and OLa on the spin correlation because after integration over the variable

t, their helicity cross sections vanish.

When summing over the final helicities, we arrive at

σ (qq̄ → tt̄) = σqq̄
SM

(

1 +
cV v ± c′V v

2

g2
sΛ

2
s

)

+
1

Λ2

αs

9s3/2
4gschg

√
2vmt

√

s− 4m2
t , (C.3)

σ (gg → tt̄) = σgg
SM− vmtαsgs

12
√

2Λ2s2
chg

(

8s log

(

s−
√

s(s−4m2
t )

s+
√

s(s−4m2
t )

)

+9
√

s(s−4m2
t )

)

, (C.4)
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where

σqq̄
SM =

8πα2
s

√
s− 4m2

(

2m2 + s
)

27s5/2
, (C.5)

σgg
SM =

πα2
s

12s3

[

4
(

m4+4sm2+s2
)

log

(

s+
√

s (s−4m2)

s−
√

s (s−4m2)

)

−
√

s (s−4m2)
(

31m2+7s
)

]

.

(C.6)

These expressions correspond to the differential cross sections (3.2) and (3.3) integrated

over the scattering angle.

Open Access. This article is distributed under the terms of the Creative Commons

Attribution Noncommercial License which permits any noncommercial use, distribution,

and reproduction in any medium, provided the original author(s) and source are credited.

References

[1] M. Beneke et al., Top quark physics, hep-ph/0003033 [SPIRES].

[2] W. Bernreuther, Top quark physics at the LHC, J. Phys. G 35 (2008) 083001

[arXiv:0805.1333] [SPIRES].

[3] T. Han, The ’Top Priority’ at the LHC, Int. J. Mod. Phys. A 23 (2008) 4107

[arXiv:0804.3178] [SPIRES].

[4] R. Frederix, Top quark phenomenology, arXiv:1009.6199 [SPIRES].

[5] CMS collaboration, T. Christiansen, Top quark study at CMS, talk presented at

ICHEP2010, Paris France (2010).

[6] ATLAS collaboration, A. Lucotte, Top quark studies with ATLAS, talk presented at

ICHEP2010, Paris France (2010).

[7] CMS collaboration, F.P. Schilling, First top results (CMS), talk presented at ICHEP2010,

Paris France (2010).

[8] ATLAS collaboration, G. Cortiana, First top results (ATLAS), talk presented at HCP2010,

Toronto Canada (2010).

[9] V. Barger, T. Han and D.G.E. Walker, Top quark pairs at high invariant mass: a

model-independent discriminator of new physics at the LHC,

Phys. Rev. Lett. 100 (2008) 031801 [hep-ph/0612016] [SPIRES].

[10] D. Choudhury, R.M. Godbole, R.K. Singh and K. Wagh, Top production at the

Tevatron/LHC and nonstandard, strongly interacting spin one particles,

Phys. Lett. B 657 (2007) 69 [arXiv:0705.1499] [SPIRES].

[11] R. Frederix and F. Maltoni, Top pair invariant mass distribution: a window on new physics,

JHEP 01 (2009) 047 [arXiv:0712.2355] [SPIRES].

[12] ALEPH collaboration, Precision electroweak measurements on the Z resonance,

Phys. Rept. 427 (2006) 257 [hep-ex/0509008] [SPIRES].

[13] C.T. Hill and S.J. Parke, Top production: Sensitivity to new physics,

Phys. Rev. D 49 (1994) 4454 [hep-ph/9312324] [SPIRES].

– 30 –

http://arxiv.org/abs/hep-ph/0003033
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0003033
http://dx.doi.org/10.1088/0954-3899/35/8/083001
http://arxiv.org/abs/0805.1333
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0805.1333
http://dx.doi.org/10.1142/S0217751X08042705
http://arxiv.org/abs/0804.3178
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0804.3178
http://arxiv.org/abs/1009.6199
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=1009.6199
http://dx.doi.org/10.1103/PhysRevLett.100.031801
http://arxiv.org/abs/hep-ph/0612016
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0612016
http://dx.doi.org/10.1016/j.physletb.2007.09.057
http://arxiv.org/abs/0705.1499
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0705.1499
http://dx.doi.org/10.1088/1126-6708/2009/01/047
http://arxiv.org/abs/0712.2355
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0712.2355
http://dx.doi.org/10.1016/j.physrep.2005.12.006
http://arxiv.org/abs/hep-ex/0509008
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-EX/0509008
http://dx.doi.org/10.1103/PhysRevD.49.4454
http://arxiv.org/abs/hep-ph/9312324
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/9312324


J
H
E
P
0
3
(
2
0
1
1
)
1
2
5

[14] D. Atwood, A. Kagan and T.G. Rizzo, Constraining anomalous top quark couplings at the

Tevatron, Phys. Rev. D 52 (1995) 6264 [hep-ph/9407408] [SPIRES].

[15] K.-m. Cheung, Probing the chromoelectric and chromomagnetic dipole moments of the top

quark at hadronic colliders, Phys. Rev. D 53 (1996) 3604 [hep-ph/9511260] [SPIRES].

[16] K. Whisnant, J.-M. Yang, B.-L. Young and X. Zhang, Dimension-six CP conserving

operators of the third family quarks and their effects on collider observables,

Phys. Rev. D 56 (1997) 467 [hep-ph/9702305] [SPIRES].

[17] K.-i. Hikasa, K. Whisnant, J.M. Yang and B.-L. Young, Probing anomalous top quark

interactions at the Fermilab Tevatron collider, Phys. Rev. D 58 (1998) 114003

[hep-ph/9806401] [SPIRES].

[18] B. Lillie, J. Shu and T.M.P. Tait, Top compositeness at the Tevatron and LHC,

JHEP 04 (2008) 087 [arXiv:0712.3057] [SPIRES].

[19] K. Kumar, T.M.P. Tait and R. Vega-Morales, Manifestations of top compositeness at

colliders, JHEP 05 (2009) 022 [arXiv:0901.3808] [SPIRES].

[20] D.-W. Jung, P. Ko, J.S. Lee and S.-h. Nam, Model independent analysis of the

forward-backward asymmetry of top quark production at the Tevatron,

Phys. Lett. B 691 (2010) 238 [arXiv:0912.1105] [SPIRES].

[21] Z. Hioki and K. Ohkuma, Search for anomalous top-gluon couplings at LHC revisited,

Eur. Phys. J. C 65 (2010) 127 [arXiv:0910.3049] [SPIRES].

[22] D. Choudhury and P. Saha, Probing top anomalous couplings at the Tevatron and the Large

Hadron Collider, arXiv:0911.5016 [SPIRES].

[23] C. Zhang and S. Willenbrock, Effective field theory for top quark physics, arXiv:1008.3155

[SPIRES].

[24] C. Zhang and S. Willenbrock, Effective-field-theory approach to top-quark production and

decay, Phys. Rev. D 83 (2011) 034006 [arXiv:1008.3869] [SPIRES].

[25] J.A. Aguilar-Saavedra, Effective four-fermion operators in top physics: a roadmap,

Nucl. Phys. B 843 (2011) 638 [arXiv:1008.3562] [SPIRES].

[26] B. Grzadkowski, Z. Hioki, K. Ohkuma and J. Wudka, Probing anomalous top quark couplings

induced by dimension-six operators at photon colliders, Nucl. Phys. B 689 (2004) 108

[hep-ph/0310159] [SPIRES].

[27] B. Grzadkowski and M. Misiak, Anomalous Wtb coupling effects in the weak radiative

B-meson decay, Phys. rev. D 78 (2008) 077501 [arXiv:0802.1413] [SPIRES].

[28] J.A. Aguilar-Saavedra, A minimal set of top anomalous couplings,

Nucl. Phys. B 812 (2009) 181 [arXiv:0811.3842] [SPIRES].

[29] J.A. Aguilar-Saavedra, A minimal set of top-Higgs anomalous couplings,

Nucl. Phys. B 821 (2009) 215 [arXiv:0904.2387] [SPIRES].

[30] J.A. Aguilar-Saavedra and J. Bernabeu, W polarisation beyond helicity fractions in top quark

decays, Nucl. Phys. B 840 (2010) 349 [arXiv:1005.5382] [SPIRES].

[31] CDF collaboration, N. Goldschmidt, Search for tt̄ resonances at the Tevatron, in the

proceeding of the ICHEP2010, Paris France (2010), to be published.

[32] A. Pomarol and J. Serra, Top quark compositeness: feasibility and implications,

Phys. Rev. D 78 (2008) 074026 [arXiv:0806.3247] [SPIRES].

– 31 –

http://dx.doi.org/10.1103/PhysRevD.52.6264
http://arxiv.org/abs/hep-ph/9407408
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/9407408
http://dx.doi.org/10.1103/PhysRevD.53.3604
http://arxiv.org/abs/hep-ph/9511260
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/9511260
http://dx.doi.org/10.1103/PhysRevD.56.467
http://arxiv.org/abs/hep-ph/9702305
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/9702305
http://dx.doi.org/10.1103/PhysRevD.58.114003
http://arxiv.org/abs/hep-ph/9806401
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/9806401
http://dx.doi.org/10.1088/1126-6708/2008/04/087
http://arxiv.org/abs/0712.3057
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0712.3057
http://dx.doi.org/10.1088/1126-6708/2009/05/022
http://arxiv.org/abs/0901.3808
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0901.3808
http://dx.doi.org/10.1016/j.physletb.2010.06.040
http://arxiv.org/abs/0912.1105
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0912.1105
http://dx.doi.org/10.1140/epjc/s10052-009-1204-y
http://arxiv.org/abs/0910.3049
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0910.3049
http://arxiv.org/abs/0911.5016
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0911.5016
http://arxiv.org/abs/1008.3155
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=1008.3155
http://dx.doi.org/10.1103/PhysRevD.83.034006
http://arxiv.org/abs/1008.3869
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=1008.3869
http://dx.doi.org/10.1016/j.nuclphysb.2010.10.015
http://arxiv.org/abs/1008.3562
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=1008.3562
http://dx.doi.org/10.1016/j.nuclphysb.2004.04.006
http://arxiv.org/abs/hep-ph/0310159
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0310159
http://dx.doi.org/10.1103/PhysRevD.78.077501
http://arxiv.org/abs/0802.1413
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0802.1413
http://dx.doi.org/10.1016/j.nuclphysb.2008.12.012
http://arxiv.org/abs/0811.3842
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0811.3842
http://dx.doi.org/10.1016/j.nuclphysb.2009.06.022
http://arxiv.org/abs/0904.2387
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0904.2387
http://dx.doi.org/10.1016/j.nuclphysb.2010.07.012
http://arxiv.org/abs/1005.5382
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=1005.5382
http://dx.doi.org/10.1103/PhysRevD.78.074026
http://arxiv.org/abs/0806.3247
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0806.3247


J
H
E
P
0
3
(
2
0
1
1
)
1
2
5

[33] W. Buchmüller and D. Wyler, Effective Lagrangian analysis of new interactions and flavor

conservation, Nucl. Phys. B 268 (1986) 621 [SPIRES].

[34] B. Grzadkowski, M. Iskrzynski, M. Misiak and J. Rosiek, Dimension-six terms in the

standard model Lagrangian, JHEP 10 (2010) 085 [arXiv:1008.4884] [SPIRES].

[35] P.L. Cho and E.H. Simmons, Looking for gluon substructure at the Tevatron,

Phys. Lett. B 323 (1994) 401 [hep-ph/9307345] [SPIRES].

[36] P.L. Cho and E.H. Simmons, Searching for G3 in tt̄ production,

Phys. Rev. D 51 (1995) 2360 [hep-ph/9408206] [SPIRES].

[37] E.H. Simmons and P.L. Cho, Anomalous gluon selfinteractions and tt̄ production,

hep-ph/9504401 [SPIRES].

[38] J. Drobnak, S. Fajfer and J.F. Kamenik, New physics in t→ bW decay at next-to-leading

order in QCD, Phys. Rev. D 82 (2010) 114008 [arXiv:1010.2402] [SPIRES].

[39] B. Grzadkowski, B. Lampe and K.J. Abraham, CP violation, top quarks and the Tevatron

upgrade, Phys. Lett. B 415 (1997) 193 [hep-ph/9706489] [SPIRES].

[40] UTfit collaboration, M. Bona et al., Model-independent constraints on ∆F = 2 operators

and the scale of new physics, JHEP 03 (2008) 049 [arXiv:0707.0636] [SPIRES].

[41] K. Agashe, R. Contino, L. Da Rold and A. Pomarol, A custodial symmetry for Zbb̄,

Phys. Lett. B 641 (2006) 62 [hep-ph/0605341] [SPIRES].

[42] H. Georgi, L. Kaplan, D. Morin and A. Schenk, Effects of top compositeness,

Phys. Rev. D 51 (1995) 3888 [hep-ph/9410307] [SPIRES].

[43] R. Contino, T. Kramer, M. Son and R. Sundrum, Warped/composite phenomenology

simplified, JHEP 05 (2007) 074 [hep-ph/0612180] [SPIRES].

[44] G.F. Giudice, C. Grojean, A. Pomarol and R. Rattazzi, The strongly-interacting light Higgs,

JHEP 06 (2007) 045 [hep-ph/0703164] [SPIRES].

[45] H. Georgi, Generalized dimensional analysis, Phys. Lett. B 298 (1993) 187

[hep-ph/9207278] [SPIRES].

[46] A. Manohar and H. Georgi, Chiral quarks and the nonrelativistic quark model,

Nucl. Phys. B 234 (1984) 189 [SPIRES].

[47] J.M. Gerard and S. Trine, QCD anomalies in hadronic weak decays,

Phys. Rev. D 69 (2004) 113005 [hep-ph/0402158] [SPIRES].

[48] R. Contino, L. Da Rold and A. Pomarol, Light custodians in natural composite Higgs models,

Phys. Rev. D 75 (2007) 055014 [hep-ph/0612048] [SPIRES].

[49] R. Contino and G. Servant, Discovering the top partners at the LHC using same-sign

dilepton final states, JHEP 06 (2008) 026 [arXiv:0801.1679] [SPIRES].

[50] J. Mrazek and A. Wulzer, A strong sector at the LHC: top partners in same-sign dileptons,

Phys. Rev. D 81 (2010) 075006 [arXiv:0909.3977] [SPIRES].

[51] Q.-H. Cao, D. McKeen, J.L. Rosner, G. Shaughnessy and C.E.M. Wagner, Forward-backward

asymmetry of top quark pair production, Phys. Rev. D 81 (2010) 114004 [arXiv:1003.3461]

[SPIRES].

[52] P.M. Nadolsky et al., Implications of CTEQ global analysis for collider observables,

Phys. Rev. D 78 (2008) 013004 [arXiv:0802.0007] [SPIRES].

– 32 –

http://dx.doi.org/10.1016/0550-3213(86)90262-2
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA,B268,621
http://dx.doi.org/10.1007/JHEP10(2010)085
http://arxiv.org/abs/1008.4884
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=1008.4884
http://dx.doi.org/10.1016/0370-2693(94)91238-6
http://arxiv.org/abs/hep-ph/9307345
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/9307345
http://dx.doi.org/10.1103/PhysRevD.51.2360
http://arxiv.org/abs/hep-ph/9408206
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/9408206
http://arxiv.org/abs/hep-ph/9504401
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/9504401
http://dx.doi.org/10.1103/PhysRevD.82.114008
http://arxiv.org/abs/1010.2402
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=1010.2402
http://dx.doi.org/10.1016/S0370-2693(97)01241-0
http://arxiv.org/abs/hep-ph/9706489
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/9706489
http://dx.doi.org/10.1088/1126-6708/2008/03/049
http://arxiv.org/abs/0707.0636
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0707.0636
http://dx.doi.org/10.1016/j.physletb.2006.08.005
http://arxiv.org/abs/hep-ph/0605341
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0605341
http://dx.doi.org/10.1103/PhysRevD.51.3888
http://arxiv.org/abs/hep-ph/9410307
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/9410307
http://dx.doi.org/10.1088/1126-6708/2007/05/074
http://arxiv.org/abs/hep-ph/0612180
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0612180
http://dx.doi.org/10.1088/1126-6708/2007/06/045
http://arxiv.org/abs/hep-ph/0703164
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0703164
http://dx.doi.org/10.1016/0370-2693(93)91728-6
http://arxiv.org/abs/hep-ph/9207278
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/9207278
http://dx.doi.org/10.1016/0550-3213(84)90231-1
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA,B234,189
http://dx.doi.org/10.1103/PhysRevD.69.113005
http://arxiv.org/abs/hep-ph/0402158
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0402158
http://dx.doi.org/10.1103/PhysRevD.75.055014
http://arxiv.org/abs/hep-ph/0612048
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0612048
http://dx.doi.org/10.1088/1126-6708/2008/06/026
http://arxiv.org/abs/0801.1679
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0801.1679
http://dx.doi.org/10.1103/PhysRevD.81.075006
http://arxiv.org/abs/0909.3977
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0909.3977
http://dx.doi.org/10.1103/PhysRevD.81.114004
http://arxiv.org/abs/1003.3461
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=1003.3461
http://dx.doi.org/10.1103/PhysRevD.78.013004
http://arxiv.org/abs/0802.0007
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0802.0007


J
H
E
P
0
3
(
2
0
1
1
)
1
2
5

[53] J. Alwall et al., MadGraph/MadEvent v4: the new web generation, JHEP 09 (2007) 028

[arXiv:0706.2334] [SPIRES].

[54] M. Cacciari, S. Frixione, M.L. Mangano, P. Nason and G. Ridolfi, Updated predictions for the

total production cross sections of top and of heavier quark pairs at the Tevatron and at the

LHC, JHEP 09 (2008) 127 [arXiv:0804.2800] [SPIRES].

[55] CDF collaboration, L. Cerrito, Top quark and electroweak measurements at the Tevatron,

J. Phys. Conf. Ser. 259 (2010) 012019 [arXiv:1010.1735] [SPIRES].

[56] CDF collaboration, T. Aaltonen et al., First measurement of the tt̄ differential cross section

dσ/dMtt in pp̄ collisions at
√
s = 1.96TeV, Phys. Rev. Lett. 102 (2009) 222003

[arXiv:0903.2850] [SPIRES].

[57] O. Antunano, J.H. Kuhn and G. Rodrigo, Top quarks, axigluons and charge asymmetries at

hadron colliders, Phys. Rev. D 77 (2008) 014003 [arXiv:0709.1652] [SPIRES].

[58] T.A. Schwarz, Measurement of the front back asymmetry in top-antitop quark pairs produced

in proton-antiproton collisions at center of mass energy = 1.96TeV,

FERMILAB-THESIS-2006-51 (2007).

[59] D0 collaboration, V.M. Abazov et al., First measurement of the forward-backward charge

asymmetry in top quark pair production, Phys. Rev. Lett. 100 (2008) 142002

[arXiv:0712.0851] [SPIRES].

[60] CDF collaboration, T. Aaltonen et al., Forward-backward asymmetry in top quark

production in pp̄ collisions at
√
s = 1.96TeV, Phys. Rev. Lett. 101 (2008) 202001

[arXiv:0806.2472] [SPIRES].

[61] CDF collaboration, Measurement of the inclusive forward-backward asymmetry and its

rapidity dependence Afb (∆y) in tt production in 5.3 fb−1 of Tevatron data, CDF note

http://www-cdf.fnal.gov/publications/cdf10185 ttbarAfbDeltay.pdf (2010).

[62] A. Djouadi, G. Moreau, F. Richard and R.K. Singh, The forward-backward asymmetry of top

quark production at the Tevatron in warped extra dimensional models,

Phys. Rev. D 82 (2010) 071702 [arXiv:0906.0604] [SPIRES].

[63] S. Jung, H. Murayama, A. Pierce and J.D. Wells, Top quark forward-backward asymmetry

from new t-channel physics, Phys. Rev. D 81 (2010) 015004 [arXiv:0907.4112] [SPIRES].

[64] K. Cheung, W.-Y. Keung and T.-C. Yuan, Top quark forward-backward asymmetry,

Phys. Lett. B 682 (2009) 287 [arXiv:0908.2589] [SPIRES].

[65] P.H. Frampton, J. Shu and K. Wang, Axigluon as possible explanation for pp̄→ tt̄

forward-backward asymmetry, Phys. Lett. B 683 (2010) 294 [arXiv:0911.2955] [SPIRES].

[66] J. Shu, T.M.P. Tait and K. Wang, Explorations of the top quark forward-backward

asymmetry at the Tevatron, Phys. Rev. D 81 (2010) 034012 [arXiv:0911.3237] [SPIRES].

[67] A. Arhrib, R. Benbrik and C.-H. Chen, Forward-backward asymmetry of top quark in diquark

models, Phys. Rev. D 82 (2010) 034034 [arXiv:0911.4875] [SPIRES].

[68] I. Dorsner, S. Fajfer, J.F. Kamenik and N. Kosnik, Light colored scalars from grand

unification and the forward-backward asymmetry in top quark pair production,

Phys. Rev. D 81 (2010) 055009 [arXiv:0912.0972] [SPIRES].

– 33 –

http://dx.doi.org/10.1088/1126-6708/2007/09/028
http://arxiv.org/abs/0706.2334
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0706.2334
http://dx.doi.org/10.1088/1126-6708/2008/09/127
http://arxiv.org/abs/0804.2800
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0804.2800
http://dx.doi.org/10.1088/1742-6596/259/1/012019
http://arxiv.org/abs/1010.1735
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=1010.1735
http://dx.doi.org/10.1103/PhysRevLett.102.222003
http://arxiv.org/abs/0903.2850
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0903.2850
http://dx.doi.org/10.1103/PhysRevD.77.014003
http://arxiv.org/abs/0709.1652
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0709.1652
http://proquest.umi.com/pqdlink?Ver=1&Exp=03-20-2016&FMT=7&DID=1251896081&RQT=309&attempt=1&cfc=1
http://dx.doi.org/10.1103/PhysRevLett.100.142002
http://arxiv.org/abs/0712.0851
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0712.0851
http://dx.doi.org/10.1103/PhysRevLett.101.202001
http://arxiv.org/abs/0806.2472
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0806.2472
http://www-cdf.fnal.gov/publications/cdf10185_ttbarAfbDeltay.pdf
http://dx.doi.org/10.1103/PhysRevD.82.071702
http://arxiv.org/abs/0906.0604
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0906.0604
http://dx.doi.org/10.1103/PhysRevD.81.015004
http://arxiv.org/abs/0907.4112
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0907.4112
http://dx.doi.org/10.1016/j.physletb.2009.11.015
http://arxiv.org/abs/0908.2589
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0908.2589
http://dx.doi.org/10.1016/j.physletb.2009.12.043
http://arxiv.org/abs/0911.2955
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0911.2955
http://dx.doi.org/10.1103/PhysRevD.81.034012
http://arxiv.org/abs/0911.3237
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0911.3237
http://dx.doi.org/10.1103/PhysRevD.82.034034
http://arxiv.org/abs/0911.4875
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0911.4875
http://dx.doi.org/10.1103/PhysRevD.81.055009
http://arxiv.org/abs/0912.0972
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0912.0972


J
H
E
P
0
3
(
2
0
1
1
)
1
2
5

[69] J. Cao, Z. Heng, L. Wu and J.M. Yang, Top quark forward-backward asymmetry at the

Tevatron: a comparative study in different new physics models,

Phys. Rev. D 81 (2010) 014016 [arXiv:0912.1447] [SPIRES].

[70] V. Barger, W.-Y. Keung and C.-T. Yu, Asymmetric left-right model and the top pair

forward-backward asymmetry, Phys. Rev. D 81 (2010) 113009 [arXiv:1002.1048] [SPIRES].

[71] R.S. Chivukula, E.H. Simmons and C.P. Yuan, Axigluons cannot explain the observed top

quark forward- backward asymmetry, Phys. Rev. D 82 (2010) 094009 [arXiv:1007.0260]

[SPIRES].

[72] M. Bauer, F. Goertz, U. Haisch, T. Pfoh and S. Westhoff, Top-quark forward-backward

asymmetry in Randall-Sundrum models beyond the leading order, JHEP 11 (2010) 039

[arXiv:1008.0742] [SPIRES].

[73] P. Ferrario and G. Rodrigo, Constraining heavy colored resonances from top-antitop quark

events, Phys. Rev. D 80 (2009) 051701 [arXiv:0906.5541] [SPIRES].

[74] R.M. Godbole, K. Rao, S.D. Rindani and R.K. Singh, On measurement of top polarization as

a probe of tt̄ production mechanisms at the LHC, JHEP 11 (2010) 144 [arXiv:1010.1458]

[SPIRES].

[75] B. Grzadkowski and Z. Hioki, New hints for testing anomalous top quark interactions at

future linear colliders, Phys. Lett. B 476 (2000) 87 [hep-ph/9911505] [SPIRES].

[76] B. Grzadkowski and Z. Hioki, Decoupling of anomalous top-decay vertices in angular

distribution of secondary particles, Phys. Lett. B 557 (2003) 55 [hep-ph/0208079] [SPIRES].

[77] G. Mahlon and S.J. Parke, Angular correlations in top quark pair production and decay at

hadron colliders, Phys. Rev. D 53 (1996) 4886 [hep-ph/9512264] [SPIRES].

[78] W. Bernreuther, A. Brandenburg, Z.G. Si and P. Uwer, Top quark pair production and decay

at hadron colliders, Nucl. Phys. B 690 (2004) 81 [hep-ph/0403035] [SPIRES].

[79] D0 collaboration, S. Jabeen, Top quark properties measurement with the D0 detector,

arXiv:0910.4220 [SPIRES].

[80] CMS collaboration, G.L. Bayatian, CMS physics: Technical design report,

CERN-LHCC-2006-001 (2006).

[81] ATLAS collaboration, ATLAS detector and physics performance. Technical design report.

Vol. 2, CERN-LHCC-99-15 (1999).

[82] L. Gauthier and G. Servant, Four-top events at the Large Hadron Collider, in preparation.

[83] New Physics Working Group collaboration, G. Brooijmans et al., New Physics at the

LHC. A Les Houches Report: Physics at TeV Colliders 2009 — New Physics Working

Group, arXiv:1005.1229 [SPIRES].

– 34 –

http://dx.doi.org/10.1103/PhysRevD.81.014016
http://arxiv.org/abs/0912.1447
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0912.1447
http://dx.doi.org/10.1103/PhysRevD.81.113009
http://arxiv.org/abs/1002.1048
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=1002.1048
http://dx.doi.org/10.1103/PhysRevD.82.094009
http://arxiv.org/abs/1007.0260
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=1007.0260
http://dx.doi.org/10.1007/JHEP11(2010)039
http://arxiv.org/abs/1008.0742
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=1008.0742
http://dx.doi.org/10.1103/PhysRevD.80.051701
http://arxiv.org/abs/0906.5541
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0906.5541
http://dx.doi.org/10.1007/JHEP11(2010)144
http://arxiv.org/abs/1010.1458
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=1010.1458
http://dx.doi.org/10.1016/S0370-2693(00)00101-5
http://arxiv.org/abs/hep-ph/9911505
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/9911505
http://dx.doi.org/10.1016/S0370-2693(03)00187-4
http://arxiv.org/abs/hep-ph/0208079
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0208079
http://dx.doi.org/10.1103/PhysRevD.53.4886
http://arxiv.org/abs/hep-ph/9512264
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/9512264
http://dx.doi.org/10.1016/j.nuclphysb.2004.04.019
http://arxiv.org/abs/hep-ph/0403035
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0403035
http://arxiv.org/abs/0910.4220
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0910.4220
http://cdsweb.cern.ch/record/922757
http://cdsweb.cern.ch/search?sysno=000317331CER
http://arxiv.org/abs/1005.1229
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=1005.1229

	Introduction
	Effective Lagrangian for top quark pair production
	Dimension-six operators with two top quarks
	The relevant operators
	Connection with composite top and resonance models

	Top pair production cross section
	Partonic differential cross sections
	Total cross section
	LHC-Tevatron complementarity
	Domain of validity of the results

	t anti-t invariant-mass, p(T) and eta distributions
	Forward-backward asymmetry
	Spin correlations

	t anti-t b anti-b and t anti-t t anti-t production at the LHC
	Summary
	Fierz transformations
	Feynman diagrams for t anti-t production at order O(Lambda**(-2))
	Helicity cross sections and m(t anti-t) distribution

