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• The importance of being Top

• Top-down vs Bottom-up

• Resonant vs Effective Field 
Theory Approach

• Applications on SM and NEW 
observables : hot topics.
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  Top is special

In the SM,  it is the ONLY quark
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1.  with a “natural mass”:

mtop = yt v/√2 ≈174 GeV⇒ yt ≈ 1

It “strongly” interacts with the Higgs sector.  This also suggests that top might 
have special role in the mechanism of EWSB and/or fermion mass generation.

  Top is special

In the SM,  it is the ONLY quark
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1.  with a “natural mass”:

mtop = yt v/√2 ≈174 GeV⇒ yt ≈ 1

It “strongly” interacts with the Higgs sector.  This also suggests that top might 
have special role in the mechanism of EWSB and/or fermion mass generation.

  Top is special

In the SM,  it is the ONLY quark

2.  that decays before hadronizing

τhad ≈ h/ΛQC D ≈ 2•10-24 s
τtop ≈ h/ Γtop =1/(GF mt3 |Vtb|2/8π√2) ≈ 5•10-25 s
(with h=6.6 10-25 GeV s)

(Compare with τb ≈ (GF2 mb5 |Vbc|2 k)-1 ≈ 10-12 s)
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The top quark dramatically affects the stability of the Higgs mass.
Consider the SM as an effective field theory valid up to scale Λ:

Top as a link to BSM

m2

H = m2

H0 −

3

8π2
ytΛ

2 +
1

16π2
g2Λ2 +

1

16π2
λ2Λ2

(200 GeV)2 = m
2

H0 +
[

−(2 TeV)2 + (700 GeV)2 + (500 GeV)2
]

(

Λ

10TeV

)2

t W,Z H

Putting numbers, I have:
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Top as a link to BSM

mh2 ∼ (200 GeV)2

tree loops

top   gauge   higgs

One can actually prove that this case in model independent way, i.e. that the scale 
associated with top mass generation is very close to that of EWSB => 

Definition of naturalness: less than 90% cancellation:

Λt < 3 TeV Λt < 9 TeV Λt < 12 TeV

(200 GeV)2 = m
2

H0 +
[

−(2 TeV)2 + (700 GeV)2 + (500 GeV)2
]

(

Λ

10TeV

)2
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1. Denial:  There is no problem.Naturalness is our 
problem not Nature’s. Pro’s: we’ll find the Higgs. 
Cons:  that’s it.

Available solutions

There have been many different suggestions! Fortunately, 
we can say that they group in 1+3 large classes:

2.  Weakly coupled model at the TeV scale:    
 
  

 Introduce new particles to cancel SM “divergences”. 

3.  Strongly coupled model at the TeV scale: 

 
 
  New strong dynamics enters at ~1TeV.

4.  New space-time structure: 
 
 
 
 
            

  Introduce extra space dimensions to lower the 
  

  Planck scale cutoff to 1 TeV.

Top:  t-tbar bound 
states, colorons. 
Top is not 
elementary

Top is the only 
natural quark

Top parters, new 
scalars/vectors  
possibly strongly 
coupled with top. 

KK-excitations
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New Physics

Signatures/Observables

Top-down approach
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Top-down approach

t

t~

χ0
1

χ0
2

t
-

g

g~
g~

g~

g

t-

~t

t

χ0
1

* New Physics model with top partners 
(SUSY, UED, LH, 4th Gen)

* Identify the signatures with top, SM 
like or exotic.

* Look for them using benchmark 
points.

* Set exclusion limits on the model 
parameters

* Optional : learn “model independent” 
lessons...
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Top-down approach: Examples

• tt* → tt + X , gg → tt (tt) + X

• b’b’ → t t W- W+

• t’t’ → b b W+ W-

• t’t’  → Z Z t t

• 4tops

~~                  -   

_                  _   

_                   _   

_                                _   

~ ~              -      -    

In general, very rich and energetic final states, large HT , 
very spectacular and “easy” to detect in principle. Looks great, if one model at the time is studied. 

In fact, very difficult to discriminate which NP leads to it.
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Signatures/Observables

Bottom-up approach
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Bottom-up

Model independent (bottom-up) strategy for New Physics :

1. Focus on a specific SM observable that is
   
     a.  naturally sensitive to BSM
     b.  is well-predicted & possibly “background free” 
  

and look for deviations
     
2.  Look for “exotic top signatures” (no-SM equivalent),                   
Example: same sign tops.
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Model Independent BSM searches
(bottom-up)
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Energy
Λ  

SM New Physics

New Physics : Two possibilities
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g2

M2
Leff = LSM +

g2

M2
ψ̄ψψ̄ψ

New Physics : Two possibilities
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Dimensional analysis

! = c = 1
dimAµ = 1
dimφ = 1
dimψ = 3/2

Leff = LSM +
∑

i

ci

Λ2
Odim=6

i

Bad News:  > 60 operators [Buchmuller, Wyler, 1986]

Good News : an handful are unconstrained and can 
signifcantly  contribute to top physics!

g2

M2

Wednesday 18 May 2011



                      

IoP Half-Day HEPP meeting on Top Quark Physics -- Fabio Maltoni

Model Independent BSM searches
(bottom-up)

Signatures/Observables

New Physics

ExoticStandard

signatures/observables
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Model Independent BSM searches
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Model Independent BSM searches
Examples

I. NP Resonances in ttbar

II. Non-Resonant NP in ttbar

III.  Exotic: Same sign tops

IV. Exotic: Monotops

[Frederix, FM, arXiv:0712.2355]

[Degrande, Gerard, Grojean,FM, 
Servant, arXiv:1010.6304]

[Degrande, Gerard, Grojean,FM,    
Servant, arXiv:1104.1798]

[Andrea, Fuks, FM, wip ]
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dσ/dmtt : shape differences

Interesting observable.

Shape very well predicted.

This could be also used to 
measure the top mass!

Reconstruction systematics
is different from the usual
top mass invariant mass 
reconstruction.

Any BSM effect would distort
this shape => 

Model independent search
for new Physics!
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New resonances
In many scenarios for EWSB new resonances show up, some of which preferably couple 
to 3rd generation quarks.

Given the large number of models, in this case is more efficient to adopt a “model 
independent” search and try to get as much information as possible on the quantum 
numbers and coupling of the resonance.

q

q̄

t

t̄

Z ′

q

q̄

t

t̄

Gµν

q

q̄

t

t̄

Φ
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X

t̄

t
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q

l+

ν

l−
ν̄

b

b̄

W−

W+To access the spin of the intermediate 
resonance spin correlations should be 
measured.

It therefore mandatory for such cases to have 
MC samples where spin correlations are kept 
and the full matrix element pp>X>tt>6f is 
used.

New resonances
In many scenarios for EWSB new resonances show up, some of which preferably couple 
to 3rd generation quarks.

Given the large number of models, in this case is more efficient to adopt a “model 
independent” search and try to get as much information as possible on the quantum 
numbers and coupling of the resonance.
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Spin Color (1,γ5)
[L,R] SM-interf Example

0

0 (1,0) no Scalar

0
0 (0,1) no PseudoScalar

0 0 (0,1) yes Boso-phobic
0

8 (0,1),(1,0) no Techni-pi0[8]

1

0 [sm,sm] yes/no Z’

1
0 (1,0),(0,1)(1,1),(1,-1) yes vector

1
8 (1,0) yes coloron/kk-gluon

1

8 (0,1) “yes” axigluon

2 0 -- yes kk-graviton

Zoology of new resonances
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* Vector resonance, in a color 
singlet or octet states.

*Widths and rates very 
different

* Interference effects with 
SM ttbar production not 
always negligible

* Direct information on 
σ•Br and Γ.
 

Phase 1: discovery
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Non-trivial behavior (peak-dip) due to the 
interference between the signal and the 
background, only if top width dominated by 
Φ→tt.

[Theory]

[Dicus, Stange & Willenbrock 1994]

Phase 1: discovery
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Non-trivial behavior (peak-dip) due to the 
interference between the signal and the 
background, only if top width dominated by 
Φ→tt.

[Theory]

[MadGraph]

[Dicus, Stange & Willenbrock 1994]

Phase 1: discovery
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Phase 1: discovery

* Spectacular signature!

*RS Model with first KK=600 GeV
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Phase 2: ttbar angular distributions

CS angle

Robust reconstruction needed, but much easier than spin correlations...

Wednesday 18 May 2011



                      

IoP Half-Day HEPP meeting on Top Quark Physics -- Fabio Maltoni

Phase 2: ttbar angular distributions

CS angle

Robust reconstruction needed, but much easier than spin correlations...

Wednesday 18 May 2011



                      

IoP Half-Day HEPP meeting on Top Quark Physics -- Fabio Maltoni

Phase 3: Spin correlations

1

σ

dσ

d cos θ+d cos θ
−

=
1

4
(1 − κtκt̄D cos θ

−
cos θ+)|

no cuts

low mtt
high mtt
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Phase 3: Spin correlations
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scalar

[MadGraph]

sm

[MadGraph]

Phase 3: Spin correlations
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scalar

[MadGraph]

spin2

[MadGraph]

sm

[MadGraph]

Phase 3: Spin correlations
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scalar

[MadGraph]

vector

[MadGraph]

spin2

[MadGraph]

sm

[MadGraph]

Phase 3: Spin correlations
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Model Independent BSM searches
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[Aguilar-Saavedra 2010, Willenbrock et al. 2010, Degrande et al 2010]

Use an effective Lagrangian approach:

•Write down all the dominant (dim=6) operators involving a t and tbar.

•Use symmetries (like custodial symmetry) or well known contraints (such those on 
FCNC => MFV) to reduce the number of possibly important operators.

•Use, if you want, inspirations or scalings suggested by some physics models that you 
like (top compositeness). 

Effective Field Theory Approach
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EW precision data 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.

operator process

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

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

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

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

OG = fABCGAν
µ GBρ

ν GCµ
ρ gg → tt̄

OφG = 1
2 (φ

+φ)GA
µνG

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

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

2λ
AGA

µ −ig 1
2τ

IW I
µ −ig′Y Bµ is the covariant derivative. W I

µν = ∂µW I
ν −∂νW I

µ+gεIJKW J
µ W

K
ν

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

ν −∂νGA
µ +gsfABCGB

µG
C
ν is the gluon field strength. Because

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

The operator O(3)
φq with an imaginary coefficient can be removed using the EOM.

operator process

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

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

OG̃ = fABCG̃Aν
µ GBρ

ν GCµ
ρ gg → tt̄

OφG̃ = 1
2 (φ

+φ)G̃A
µνG

Aµν gg → tt̄

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

can be obtained from its decay products. CP violation will be discussed in Section 5.

There is an argument that can be used to neglect some of the new operators [17]. Some new operators can
be generated at tree level from an underlying gauge theory, while others must be generated at loop order. In
general the loop generated operators are suppressed by a factor of 1/16π2. However, the underlying theory
may not be a weakly coupled gauge theory, or the loop diagrams could be enhanced due to the index of a
fermion in a large representation. Furthermore, the underlying theory may not be a gauge theory at all.
Fortunately, the effective field theory approach does not depend on the underlying theory. We will consider
all dimension-six operators, without making any assumptions about the nature of the underlying theory.

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

tb. We write all dimension-six operators in terms of mass-eigenstate fields, so no diagonalization of the
new interactions is necessary. Hence, in charged-current weak interactions, the interference between the SM
amplitude and the new interaction is proportional to VtbCi, where Ci is the (real) coefficient of the dimension-
six Hermitian operator Oi (also recall that Vtb itself is purely real in the standard parameterization [18]).
If the operator is not Hermitian, the coefficient Ci is complex; CP-conserving processes are proportional to
VtbReCi, while CP-violating processes are instead proportional to VtbImCi.

Deviations of top-quark processes from SM predictions have often been discussed using a vertex-function
approach, where the Wtb vertex is parameterized in terms of four unknown form factors [19]. Given our
precision knowledge of the electroweak interaction, this approach is too crude. The effective field theory
approach is well motivated; it takes into consideration the unbroken SU(3)C × SU(2)L ×U(1)Y gauge sym-
metry; it includes contact interactions as well as vertex corrections; it is valid for both on-shell and off-shell
quarks; and it can be used for loop processes [20]. None of these virtues are shared by the vertex function
approach [21].

3
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VtbReCi, while CP-violating processes are instead proportional to VtbImCi.

Deviations of top-quark processes from SM predictions have often been discussed using a vertex-function
approach, where the Wtb vertex is parameterized in terms of four unknown form factors [19]. Given our
precision knowledge of the electroweak interaction, this approach is too crude. The effective field theory
approach is well motivated; it takes into consideration the unbroken SU(3)C × SU(2)L ×U(1)Y gauge sym-
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EW precision data 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.

NP can be integrated out and simply gives new (higher dimensional) interactions 
among the SM degrees of freedom
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can be obtained from its decay products. CP violation will be discussed in Section 5.
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be generated at tree level from an underlying gauge theory, while others must be generated at loop order. In
general the loop generated operators are suppressed by a factor of 1/16π2. However, the underlying theory
may not be a weakly coupled gauge theory, or the loop diagrams could be enhanced due to the index of a
fermion in a large representation. Furthermore, the underlying theory may not be a gauge theory at all.
Fortunately, the effective field theory approach does not depend on the underlying theory. We will consider
all dimension-six operators, without making any assumptions about the nature of the underlying theory.

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

tb. We write all dimension-six operators in terms of mass-eigenstate fields, so no diagonalization of the
new interactions is necessary. Hence, in charged-current weak interactions, the interference between the SM
amplitude and the new interaction is proportional to VtbCi, where Ci is the (real) coefficient of the dimension-
six Hermitian operator Oi (also recall that Vtb itself is purely real in the standard parameterization [18]).
If the operator is not Hermitian, the coefficient Ci is complex; CP-conserving processes are proportional to
VtbReCi, while CP-violating processes are instead proportional to VtbImCi.

Deviations of top-quark processes from SM predictions have often been discussed using a vertex-function
approach, where the Wtb vertex is parameterized in terms of four unknown form factors [19]. Given our
precision knowledge of the electroweak interaction, this approach is too crude. The effective field theory
approach is well motivated; it takes into consideration the unbroken SU(3)C × SU(2)L ×U(1)Y gauge sym-
metry; it includes contact interactions as well as vertex corrections; it is valid for both on-shell and off-shell
quarks; and it can be used for loop processes [20]. None of these virtues are shared by the vertex function
approach [21].
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the effective Lagrangian obtained after integrating out some heavy resonances.

δijδkl =
1

2
σI

ilσ
I
kj +

1

2
δilδkj , (64)

δabδcd = 2TA
adT

A
cb +

1

3
δadδcb , (65)

(γµPL/R)α
β(γµPL/R)γ

δ = −(γµPL/R)α
δ(γµPL/R)γ

β (66)

(γµPR)α
β(γµPL)γ

δ = 2 (PL)α
δ(PR)γ

β , (67)

(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 , (68)

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 Fig. 14 and 15.

+ +

SM SM SM

+

+ +

g

g

t

t̄

+

Figure 14: Feynman diagrams for gg → tt̄ up to O
(

Λ−2
)

. The dark blobs denote interactions
generated by the operator Ohg.

27

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.

(14)

The difference
cAv = cRv − cLv (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 . (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 , (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 . (18)

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

c′Av = (ctu − ctd)/2 − (cQu − cQd)/2 − c(8,3)
Qq . (19)

Numerically, we shall see in Section 3.2 that the isospin-0 sector gives a larger contribution
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.

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

)

. (20)

The vertices arising from the dimension-six operators given in Eq. (20) relevant for top
pair production at hadron colliders are depicted in Fig. 1.

t

t

!

g

g t

t

!

g

Chromomagnetic operator Ohg = (HQ̄)σµνT At GA
µν

q

q
!

t

t

!

Four-fermion operators

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

6

+ +

q

q̄

t

t̄SM

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 section
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.(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, 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). (69)

28

New vertices

gluon fusion 
corrections from chg only 

qq annihilation: 
both chg  and 4-fermion operators

ttbar production 

Wednesday 18 May 2011



                      

IoP Half-Day HEPP meeting on Top Quark Physics -- Fabio Maltoni

Is there anything to learn from
a σttbar measurement at the LHC? 

vs

85% at TeV

90% at LHC

Wednesday 18 May 2011



                      

IoP Half-Day HEPP meeting on Top Quark Physics -- Fabio Maltoni
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The gg channel is only very roughly constrained!!!
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effect connected with an gg initial state (such a scalar...).
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One can show that you end up with five main operators, 

and in case one is interested only in total rates (and spin independent / FB symmetries)
only three parameters are left : gh ,  cV=cR+cL   and aA = aR - aR 

Ltt̄ = LSM
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1
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ghOhg + cRORg + aRO8
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where MNP represents the matrix element of all the (new physics) dimension-six operators
introduced in Section 2.

From the Lagrangian in Eq. (20), the two parton-level cross sections for tt̄ production
at O (Λ−2) follow from the Feynman diagrams depicted in Fig. 14 and 15 of App. 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

)

(27)

dσ

dt
(gg → tt̄) =

dσSM

dt
+
√

2αsgs
vmt

s2

chg

Λ2

(

1

6τ1τ2
−

3

8

)

(28)

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

dσSM

dt
(qq̄ → tt̄) =

4πα2
s

9s2

(

τ 2
1 + τ 2

2 +
ρ

2

)

(29)

dσSM

dt
(gg → tt̄) =

πα2
s

s2

(

1

6τ1τ2
−

3

8

)

(ρ + τ 2
1 + τ 2

2 −
ρ2

4τ1τ2
) (30)

with τ1 =
m2

t − t

s
, τ2 =

m2
t − u

s
, ρ =

4m2
t

s
. (31)

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

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

1 − 4m2

s )

m2
t − t =

s

2
(1 − β cos θ) . (32)

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. (30) and (28), 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 (27) 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 (33)

where here t and q = u, d stand for the full 4-component Dirac spinor;
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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. (30) and (28), 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 (27) 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 (33)

where here t and q = u, d stand for the full 4-component Dirac spinor;
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The new physics and SM contributions for gluon fusion have a common factor

t: Mandelstam variable 
related to θ angle 

( angle between incoming parton 
and outgoing top quark)

where MNP represents the matrix element of all the (new physics) dimension-six operators
introduced in Section 2.

From the Lagrangian in Eq. (20), the two parton-level cross sections for tt̄ production
at O (Λ−2) follow from the Feynman diagrams depicted in Fig. 14 and 15 of App. 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

)

(27)

dσ

dt
(gg → tt̄) =

dσSM

dt
+
√

2αsgs
vmt

s2

chg

Λ2

(

1

6τ1τ2
−

3

8

)

(28)

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

dσSM

dt
(qq̄ → tt̄) =

4πα2
s

9s2

(

τ 2
1 + τ 2

2 +
ρ

2

)

(29)

dσSM

dt
(gg → tt̄) =

πα2
s

s2

(

1

6τ1τ2
−

3

8

)

(ρ + τ 2
1 + τ 2

2 −
ρ2

4τ1τ2
) (30)

with τ1 =
m2

t − t

s
, τ2 =

m2
t − u

s
, ρ =

4m2
t

s
. (31)

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

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

1 − 4m2

s )

m2
t − t =

s

2
(1 − β cos θ) . (32)

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. (30) and (28), 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 (27) 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 (33)

where here t and q = u, d stand for the full 4-component Dirac spinor;
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where MNP represents the matrix element of all the (new physics) dimension-six operators
introduced in Section 2.

From the Lagrangian in Eq. (20), the two parton-level cross sections for tt̄ production
at O (Λ−2) follow from the Feynman diagrams depicted in Fig. 14 and 15 of App. 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

)

(27)

dσ

dt
(gg → tt̄) =

dσSM

dt
+
√

2αsgs
vmt

s2

chg

Λ2

(

1

6τ1τ2
−

3

8

)

(28)

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

dσSM

dt
(qq̄ → tt̄) =

4πα2
s

9s2

(

τ 2
1 + τ 2

2 +
ρ

2

)

(29)

dσSM

dt
(gg → tt̄) =

πα2
s

s2

(

1

6τ1τ2
−

3

8

)

(ρ + τ 2
1 + τ 2

2 −
ρ2

4τ1τ2
) (30)

with τ1 =
m2

t − t

s
, τ2 =

m2
t − u

s
, ρ =

4m2
t

s
. (31)

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

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

1 − 4m2

s )

m2
t − t =

s

2
(1 − β cos θ) . (32)

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. (30) and (28), 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 (27) 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 (33)

where here t and q = u, d stand for the full 4-component Dirac spinor;
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where MNP represents the matrix element of all the (new physics) dimension-six operators
introduced in Section 2.

From the Lagrangian in Eq. (20), the two parton-level cross sections for tt̄ production
at O (Λ−2) follow from the Feynman diagrams depicted in Fig. 14 and 15 of App. B. Their
expressions are (v = 246 GeV):

dσ

dt
(qq̄ → tt̄) =

dσSM

dt

(

1 +
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c′
V v

2

g2
s
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Λ2

)

+
1

Λ2

αs

9s2

((

cAa ±
c′Aa

2

)

s(τ2 − τ1) + 4gschg

√
2vmt

)

(27)

dσ

dt
(gg → tt̄) =

dσSM

dt
+
√

2αsgs
vmt

s2

chg

Λ2

(

1

6τ1τ2
−

3

8

)

(28)

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

dσSM

dt
(qq̄ → tt̄) =

4πα2
s

9s2

(

τ 2
1 + τ 2

2 +
ρ

2

)

(29)

dσSM

dt
(gg → tt̄) =

πα2
s

s2

(

1

6τ1τ2
−

3

8

)

(ρ + τ 2
1 + τ 2

2 −
ρ2

4τ1τ2
) (30)

with τ1 =
m2

t − t

s
, τ2 =

m2
t − u

s
, ρ =

4m2
t

s
. (31)

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

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

1 − 4m2

s )

m2
t − t =

s

2
(1 − β cos θ) . (32)

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. (30) and (28), 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 (27) 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 (33)

where here t and q = u, d stand for the full 4-component Dirac spinor;
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where MNP represents the matrix element of all the (new physics) dimension-six operators
introduced in Section 2.

From the Lagrangian in Eq. (20), the two parton-level cross sections for tt̄ production
at O (Λ−2) follow from the Feynman diagrams depicted in Fig. 14 and 15 of App. 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

)

(27)

dσ

dt
(gg → tt̄) =

dσSM

dt
+
√

2αsgs
vmt

s2

chg

Λ2

(

1

6τ1τ2
−

3

8

)

(28)

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

dσSM

dt
(qq̄ → tt̄) =

4πα2
s

9s2

(

τ 2
1 + τ 2

2 +
ρ

2

)

(29)

dσSM

dt
(gg → tt̄) =

πα2
s

s2

(

1

6τ1τ2
−

3

8

)

(ρ + τ 2
1 + τ 2

2 −
ρ2

4τ1τ2
) (30)

with τ1 =
m2

t − t

s
, τ2 =

m2
t − u

s
, ρ =

4m2
t

s
. (31)

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

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

1 − 4m2

s )

m2
t − t =

s

2
(1 − β cos θ) . (32)

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. (30) and (28), 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 (27) 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 (33)

where here t and q = u, d stand for the full 4-component Dirac spinor;
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t: Mandelstam variable 
related to θ angle 

( angle between incoming parton 
and outgoing top quark)

where MNP represents the matrix element of all the (new physics) dimension-six operators
introduced in Section 2.

From the Lagrangian in Eq. (20), the two parton-level cross sections for tt̄ production
at O (Λ−2) follow from the Feynman diagrams depicted in Fig. 14 and 15 of App. 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

)

(27)

dσ

dt
(gg → tt̄) =

dσSM

dt
+
√

2αsgs
vmt

s2

chg

Λ2

(

1

6τ1τ2
−

3

8

)

(28)

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

dσSM

dt
(qq̄ → tt̄) =

4πα2
s

9s2

(

τ 2
1 + τ 2

2 +
ρ

2

)

(29)

dσSM

dt
(gg → tt̄) =

πα2
s

s2

(

1

6τ1τ2
−

3

8

)

(ρ + τ 2
1 + τ 2

2 −
ρ2

4τ1τ2
) (30)

with τ1 =
m2

t − t

s
, τ2 =

m2
t − u

s
, ρ =

4m2
t

s
. (31)

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

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

1 − 4m2

s )

m2
t − t =

s

2
(1 − β cos θ) . (32)

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. (30) and (28), 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 (27) 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 (33)

where here t and q = u, d stand for the full 4-component Dirac spinor;
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where MNP represents the matrix element of all the (new physics) dimension-six operators
introduced in Section 2.

From the Lagrangian in Eq. (20), the two parton-level cross sections for tt̄ production
at O (Λ−2) follow from the Feynman diagrams depicted in Fig. 14 and 15 of App. 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
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cAa ±
c′Aa

2

)

s(τ2 − τ1) + 4gschg

√
2vmt

)

(27)

dσ

dt
(gg → tt̄) =

dσSM

dt
+
√

2αsgs
vmt

s2

chg

Λ2

(

1

6τ1τ2
−

3

8

)

(28)

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

dσSM

dt
(qq̄ → tt̄) =

4πα2
s

9s2

(

τ 2
1 + τ 2

2 +
ρ

2

)

(29)

dσSM

dt
(gg → tt̄) =

πα2
s

s2

(

1

6τ1τ2
−

3

8

)

(ρ + τ 2
1 + τ 2

2 −
ρ2

4τ1τ2
) (30)

with τ1 =
m2

t − t

s
, τ2 =

m2
t − u

s
, ρ =

4m2
t

s
. (31)

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

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

1 − 4m2

s )

m2
t − t =

s

2
(1 − β cos θ) . (32)

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. (30) and (28), 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 (27) 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 (33)

where here t and q = u, d stand for the full 4-component Dirac spinor;
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where MNP represents the matrix element of all the (new physics) dimension-six operators
introduced in Section 2.

From the Lagrangian in Eq. (20), the two parton-level cross sections for tt̄ production
at O (Λ−2) follow from the Feynman diagrams depicted in Fig. 14 and 15 of App. B. Their
expressions are (v = 246 GeV):

dσ

dt
(qq̄ → tt̄) =
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dt

(

1 +
cV v ±
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+
1

Λ2

αs

9s2

((

cAa ±
c′Aa

2

)

s(τ2 − τ1) + 4gschg

√
2vmt

)

(27)
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(28)

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

dσSM

dt
(qq̄ → tt̄) =

4πα2
s

9s2

(

τ 2
1 + τ 2

2 +
ρ

2

)

(29)

dσSM

dt
(gg → tt̄) =
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3

8

)
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) (30)

with τ1 =
m2

t − t

s
, τ2 =
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t − u

s
, ρ =

4m2
t

s
. (31)

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

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

1 − 4m2

s )

m2
t − t =

s

2
(1 − β cos θ) . (32)

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. (30) and (28), 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 (27) 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 (33)

where here t and q = u, d stand for the full 4-component Dirac spinor;
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where MNP represents the matrix element of all the (new physics) dimension-six operators
introduced in Section 2.

From the Lagrangian in Eq. (20), the two parton-level cross sections for tt̄ production
at O (Λ−2) follow from the Feynman diagrams depicted in Fig. 14 and 15 of App. B. Their
expressions are (v = 246 GeV):
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(qq̄ → tt̄) =
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(

1 +
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+
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)
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+
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(28)

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

dσSM

dt
(qq̄ → tt̄) =

4πα2
s

9s2

(
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2 +
ρ

2

)

(29)

dσSM

dt
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)
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) (30)

with τ1 =
m2
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s
, τ2 =
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, ρ =
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t

s
. (31)

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

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

1 − 4m2

s )

m2
t − t =

s

2
(1 − β cos θ) . (32)

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. (30) and (28), 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 (27) 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 (33)

where here t and q = u, d stand for the full 4-component Dirac spinor;
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The new physics and SM contributions for gluon fusion have a common factor

The operator Ohg  can hardly be distinguished from the SM in gluon fusion

t: Mandelstam variable 
related to θ angle 

( angle between incoming parton 
and outgoing top quark)

where MNP represents the matrix element of all the (new physics) dimension-six operators
introduced in Section 2.

From the Lagrangian in Eq. (20), the two parton-level cross sections for tt̄ production
at O (Λ−2) follow from the Feynman diagrams depicted in Fig. 14 and 15 of App. 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

)

(27)

dσ

dt
(gg → tt̄) =

dσSM

dt
+
√

2αsgs
vmt

s2

chg

Λ2

(

1

6τ1τ2
−

3

8

)

(28)

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

dσSM

dt
(qq̄ → tt̄) =

4πα2
s

9s2

(

τ 2
1 + τ 2

2 +
ρ

2

)

(29)

dσSM

dt
(gg → tt̄) =

πα2
s

s2

(

1

6τ1τ2
−

3

8

)

(ρ + τ 2
1 + τ 2

2 −
ρ2

4τ1τ2
) (30)

with τ1 =
m2

t − t

s
, τ2 =

m2
t − u

s
, ρ =

4m2
t

s
. (31)

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

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

1 − 4m2

s )

m2
t − t =

s

2
(1 − β cos θ) . (32)

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. (30) and (28), 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 (27) 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 (33)

where here t and q = u, d stand for the full 4-component Dirac spinor;
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where MNP represents the matrix element of all the (new physics) dimension-six operators
introduced in Section 2.

From the Lagrangian in Eq. (20), the two parton-level cross sections for tt̄ production
at O (Λ−2) follow from the Feynman diagrams depicted in Fig. 14 and 15 of App. 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

)

(27)

dσ

dt
(gg → tt̄) =

dσSM

dt
+
√

2αsgs
vmt

s2

chg

Λ2

(

1

6τ1τ2
−

3

8

)

(28)

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

dσSM

dt
(qq̄ → tt̄) =

4πα2
s

9s2

(

τ 2
1 + τ 2

2 +
ρ

2

)

(29)

dσSM

dt
(gg → tt̄) =

πα2
s

s2

(

1

6τ1τ2
−

3

8

)

(ρ + τ 2
1 + τ 2

2 −
ρ2

4τ1τ2
) (30)

with τ1 =
m2

t − t

s
, τ2 =

m2
t − u

s
, ρ =

4m2
t

s
. (31)

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

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

1 − 4m2

s )

m2
t − t =

s

2
(1 − β cos θ) . (32)

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. (30) and (28), 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 (27) 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 (33)

where here t and q = u, d stand for the full 4-component Dirac spinor;
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where MNP represents the matrix element of all the (new physics) dimension-six operators
introduced in Section 2.

From the Lagrangian in Eq. (20), the two parton-level cross sections for tt̄ production
at O (Λ−2) follow from the Feynman diagrams depicted in Fig. 14 and 15 of App. 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

)

(27)

dσ

dt
(gg → tt̄) =

dσSM

dt
+
√

2αsgs
vmt

s2

chg

Λ2

(

1

6τ1τ2
−

3

8

)

(28)

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

dσSM

dt
(qq̄ → tt̄) =

4πα2
s

9s2

(

τ 2
1 + τ 2

2 +
ρ

2

)

(29)

dσSM

dt
(gg → tt̄) =

πα2
s

s2

(

1

6τ1τ2
−

3

8

)

(ρ + τ 2
1 + τ 2

2 −
ρ2

4τ1τ2
) (30)

with τ1 =
m2

t − t

s
, τ2 =

m2
t − u

s
, ρ =

4m2
t

s
. (31)

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

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

1 − 4m2

s )

m2
t − t =

s

2
(1 − β cos θ) . (32)

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. (30) and (28), 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 (27) 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 (33)

where here t and q = u, d stand for the full 4-component Dirac spinor;
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Common factor mainly responsible for 
the shape  of the distributions

where MNP represents the matrix element of all the (new physics) dimension-six operators
introduced in Section 2.

From the Lagrangian in Eq. (20), the two parton-level cross sections for tt̄ production
at O (Λ−2) follow from the Feynman diagrams depicted in Fig. 14 and 15 of App. 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

)

(27)

dσ

dt
(gg → tt̄) =

dσSM

dt
+
√

2αsgs
vmt

s2

chg

Λ2

(

1

6τ1τ2
−

3

8

)

(28)

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

dσSM

dt
(qq̄ → tt̄) =

4πα2
s

9s2

(

τ 2
1 + τ 2

2 +
ρ

2

)

(29)

dσSM

dt
(gg → tt̄) =

πα2
s

s2

(

1

6τ1τ2
−

3

8

)

(ρ + τ 2
1 + τ 2

2 −
ρ2

4τ1τ2
) (30)

with τ1 =
m2

t − t

s
, τ2 =

m2
t − u

s
, ρ =

4m2
t

s
. (31)

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

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

1 − 4m2

s )

m2
t − t =

s

2
(1 − β cos θ) . (32)

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. (30) and (28), 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 (27) 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 (33)

where here t and q = u, d stand for the full 4-component Dirac spinor;
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The new physics and SM contributions for gluon fusion have a common factor

The operator Ohg  can hardly be distinguished from the SM in gluon fusion
Distortions in the shape of the distributions can only come from qq annihilation ➙ 

small effects at LHC

t: Mandelstam variable 
related to θ angle 

( angle between incoming parton 
and outgoing top quark)

where MNP represents the matrix element of all the (new physics) dimension-six operators
introduced in Section 2.

From the Lagrangian in Eq. (20), the two parton-level cross sections for tt̄ production
at O (Λ−2) follow from the Feynman diagrams depicted in Fig. 14 and 15 of App. 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

)

(27)

dσ

dt
(gg → tt̄) =

dσSM

dt
+
√

2αsgs
vmt

s2

chg

Λ2

(

1

6τ1τ2
−

3

8

)

(28)

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

dσSM

dt
(qq̄ → tt̄) =

4πα2
s

9s2

(

τ 2
1 + τ 2

2 +
ρ

2

)

(29)

dσSM

dt
(gg → tt̄) =

πα2
s

s2

(

1

6τ1τ2
−

3

8

)

(ρ + τ 2
1 + τ 2

2 −
ρ2

4τ1τ2
) (30)

with τ1 =
m2

t − t

s
, τ2 =

m2
t − u

s
, ρ =

4m2
t

s
. (31)

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

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

1 − 4m2

s )

m2
t − t =

s

2
(1 − β cos θ) . (32)

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. (30) and (28), 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 (27) 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 (33)

where here t and q = u, d stand for the full 4-component Dirac spinor;
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Only four linear combinations of 4-fermion operators actually contribute to the differential 
cross section after averaging over the final state spins:where MNP represents the matrix element of all the (new physics) dimension-six operators

introduced in Section 2.
From the Lagrangian in Eq. (20), the two parton-level cross sections for tt̄ production

at O (Λ−2) follow from the Feynman diagrams depicted in Fig. 14 and 15 of App. 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

)

(27)

dσ

dt
(gg → tt̄) =

dσSM

dt
+
√

2αsgs
vmt

s2

chg

Λ2

(

1

6τ1τ2
−

3

8

)

(28)

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

dσSM

dt
(qq̄ → tt̄) =

4πα2
s

9s2

(

τ 2
1 + τ 2

2 +
ρ

2

)

(29)

dσSM

dt
(gg → tt̄) =

πα2
s

s2

(

1

6τ1τ2
−

3

8

)

(ρ + τ 2
1 + τ 2

2 −
ρ2

4τ1τ2
) (30)

with τ1 =
m2

t − t

s
, τ2 =

m2
t − u

s
, ρ =

4m2
t

s
. (31)

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

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

1 − 4m2

s )

m2
t − t =

s

2
(1 − β cos θ) . (32)

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. (30) and (28), 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 (27) 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 (33)

where here t and q = u, d stand for the full 4-component Dirac spinor;
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even part in the 
scattering angle θ

odd part in the 
scattering angle θ

where MNP represents the matrix element of all the (new physics) dimension-six operators
introduced in Section 2.

From the Lagrangian in Eq. (20), the two parton-level cross sections for tt̄ production
at O (Λ−2) follow from the Feynman diagrams depicted in Fig. 14 and 15 of App. 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

)

(27)

dσ

dt
(gg → tt̄) =

dσSM

dt
+
√

2αsgs
vmt

s2

chg

Λ2

(

1

6τ1τ2
−

3

8

)

(28)

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

dσSM

dt
(qq̄ → tt̄) =

4πα2
s

9s2

(

τ 2
1 + τ 2

2 +
ρ

2

)

(29)

dσSM

dt
(gg → tt̄) =

πα2
s

s2

(

1

6τ1τ2
−

3

8

)

(ρ + τ 2
1 + τ 2

2 −
ρ2

4τ1τ2
) (30)

with τ1 =
m2

t − t

s
, τ2 =

m2
t − u

s
, ρ =

4m2
t

s
. (31)

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

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

1 − 4m2

s )

m2
t − t =

s

2
(1 − β cos θ) . (32)

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. (30) and (28), 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 (27) 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 (33)

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

Ref. [24] Ref. [19] Ref. [51] Ref. [20] Ref. [21]

chg 2CtG g1gs
1
2C33

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.

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

c′
Aa

2

t̄γµγ5T
Atq̄γµγ5T

Aq. (34)

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
operator Ohg. Our results for tt̄ production are obtained by the convolution of the analytic
differential cross section of Eqs. (27) and (28) 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

, (35)

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

, (36)

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

. (37)

— 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

. (38)
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This dependence vanishes 
after integration over t

ttbar: qqbar annihilation (from the 8 operators)
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Only four linear combinations of 4-fermion operators actually contribute to the differential 
cross section after averaging over the final state spins:where MNP represents the matrix element of all the (new physics) dimension-six operators

introduced in Section 2.
From the Lagrangian in Eq. (20), the two parton-level cross sections for tt̄ production

at O (Λ−2) follow from the Feynman diagrams depicted in Fig. 14 and 15 of App. 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

)

(27)

dσ

dt
(gg → tt̄) =

dσSM

dt
+
√

2αsgs
vmt

s2

chg

Λ2

(

1

6τ1τ2
−

3

8

)

(28)

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

dσSM

dt
(qq̄ → tt̄) =

4πα2
s

9s2

(

τ 2
1 + τ 2

2 +
ρ

2

)

(29)

dσSM

dt
(gg → tt̄) =

πα2
s

s2

(

1

6τ1τ2
−

3

8

)

(ρ + τ 2
1 + τ 2

2 −
ρ2

4τ1τ2
) (30)

with τ1 =
m2

t − t

s
, τ2 =

m2
t − u

s
, ρ =

4m2
t

s
. (31)

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

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

1 − 4m2

s )

m2
t − t =

s

2
(1 − β cos θ) . (32)

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. (30) and (28), 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 (27) 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 (33)

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

10

even part in the 
scattering angle θ

odd part in the 
scattering angle θ

where MNP represents the matrix element of all the (new physics) dimension-six operators
introduced in Section 2.

From the Lagrangian in Eq. (20), the two parton-level cross sections for tt̄ production
at O (Λ−2) follow from the Feynman diagrams depicted in Fig. 14 and 15 of App. B. Their
expressions are (v = 246 GeV):

dσ

dt
(qq̄ → tt̄) =

dσSM

dt

(

1 +
cV v ±

c′
V v

2
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s
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Λ2

)

+
1

Λ2

αs

9s2

((

cAa ±
c′Aa

2

)

s(τ2 − τ1) + 4gschg

√
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)

(27)

dσ

dt
(gg → tt̄) =

dσSM

dt
+
√

2αsgs
vmt

s2

chg

Λ2

(

1

6τ1τ2
−

3

8

)

(28)

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

dσSM

dt
(qq̄ → tt̄) =

4πα2
s

9s2

(

τ 2
1 + τ 2

2 +
ρ

2

)

(29)

dσSM

dt
(gg → tt̄) =

πα2
s

s2

(

1

6τ1τ2
−

3

8

)

(ρ + τ 2
1 + τ 2

2 −
ρ2

4τ1τ2
) (30)

with τ1 =
m2

t − t

s
, τ2 =

m2
t − u

s
, ρ =

4m2
t

s
. (31)

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

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

1 − 4m2

s )

m2
t − t =

s

2
(1 − β cos θ) . (32)

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. (30) and (28), 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 (27) 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 (33)

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

10

comes from comes from

Ref. [24] Ref. [19] Ref. [51] Ref. [20] Ref. [21]

chg 2CtG g1gs
1
2C33

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.

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

c′
Aa

2

t̄γµγ5T
Atq̄γµγ5T

Aq. (34)

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
operator Ohg. Our results for tt̄ production are obtained by the convolution of the analytic
differential cross section of Eqs. (27) and (28) 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

, (35)

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

, (36)

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

. (37)

— 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

. (38)

11

This dependence vanishes 
after integration over t

some axial combination of 
operators is asymmetric 
under q <-> q -

some vector combination 
of operators that is 
symmetric under q <-> q -

ttbar: qqbar annihilation (from the 8 operators)

Wednesday 18 May 2011



                      

IoP Half-Day HEPP meeting on Top Quark Physics -- Fabio Maltoni

Tevatron

— 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

, (39)

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

,

(40)

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

.

(41)

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 com-
plementary as shown in Fig. 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 Fig. 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
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

σ14 TeV
th = 832+75

−78(scale)+28
−27(pdf) pb,

σ7 TeV
th = 146+12

−13(scale)+11
−11(pdf) pb, (42)

and at the Tevatron
σ1.96 TeV

th = 6.87+0.26
−0.48(scale)+0.47

−0.33(pdf) pb. (43)

In Fig. 4, we combine the errors linearly. For the experimental value, we use the CDF
combination of all channel at 4.6 fb−1 [55],

σ1.96 TeV
obs = 7.5 ± 0.31(stat) ± 0.34(syst) ± 0.15(lumi) pb (44)

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

12

ttbar total cross-section

Ref. [24] Ref. [19] Ref. [51] Ref. [20] Ref. [21]

chg 2CtG g1gs
1
2C33

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.

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

c′
Aa

2

t̄γµγ5T
Atq̄γµγ5T

Aq. (34)

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
operator Ohg. Our results for tt̄ production are obtained by the convolution of the analytic
differential cross section of Eqs. (27) and (28) 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

, (35)

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

, (36)

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

. (37)

— 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

. (38)
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LHC (7 TeV)

LHC (14 TeV)

Ref. [24] Ref. [19] Ref. [51] Ref. [20] Ref. [21]

chg 2CtG g1gs
1
2C33

uGφ

cV v
1
4
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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

(
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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
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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.

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

c′
Aa

2

t̄γµγ5T
Atq̄γµγ5T

Aq. (34)

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
operator Ohg. Our results for tt̄ production are obtained by the convolution of the analytic
differential cross section of Eqs. (27) and (28) 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

, (35)

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

, (36)

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

. (37)

— 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

. (38)
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LO with CTEQ6L1 pdfs
In fits, we’ll use NLO+NLL SM results

but in interference, we’ll keep LO SM amplitude

u+d
(isospin 0)

chromomagnetic
moment

u-d
(isospin 1)
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 The pp ➙ tt total cross section at Tevatron depends on both chg and cVv  and 
constrains thus a combination of these parameters.

total cross section

chg × (1 TeV/Λ)2

c V
v
×

(1
T
eV

/Λ
)2

4

2

0

-2

-4
-4 -2 0 2 4

Tevatron Constraints

would only affect the standard gluon vertices like for instance the interactions generated by
the operator OG = fABCGA

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 , (1)

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

R̄RR̄R:

O
(8)
tu =

(

t̄γµTAt
)(

ūγµT
Au

)

,

O
(8)
td =

(

t̄γµTAt
)(

d̄γµTAd
)

, (3)

L̄LR̄R:

O
(8)
Qu =

(

Q̄γµTAQ
)(

ūγµTAu
)

,

O
(8)
Qd =

(

Q̄γµTAQ
)(

d̄γµT
Ad

)

,

O
(8)
tq =

(

q̄γµTAq
)(

t̄γµT
At

)

, (4)

L̄RL̄R:

O
(8)
d =

(

Q̄TAt
)(

q̄T Ad
)

, (5)

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.
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would only affect the standard gluon vertices like for instance the interactions generated by
the operator OG = fABCGA

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 =
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]
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µν ,

OgQ =
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]

GA
µν ,

Ohg =
[(

HQ̄
)

σµνTAt
]

GA
µν , (1)

where Q = (tL, bL) denotes the left-handed weak doublet of the third quark generation,
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
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, (5)

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.
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 The pp ➙ tt total cross section at Tevatron depends on both chg and cVv  and 
constrains thus a combination of these parameters.
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Minor effects on shape of distributions
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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 = 1 TeV).

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. (50)

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), (51)
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axigluon mass) obviously leads to a negative asymmetry. To generate a positive asymmetry
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/Λ2 = −2gq

Agt
A/m2

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/Λ2 = −(gL

q
2

+ gR
q

2
)/m2

Z′, where gi
q denotes the coupling

of Z ′ to the flavour-off diagonal current t̄iγµqi. Therefore it leads to a negative asymmetry.
In Fig. 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 Fig. 6).
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Figure 9: AFB prediction at the Tevatron due to an axigluon and comparison with the effective
field theory approach.

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 domi-
nance 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) , (54)

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

(

1 TeV
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.

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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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 correc-
tions 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 sym-
metric. From Eq. (27), 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. (32), 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 (52)

where again the errors are estimated by varying the factorisation and renormalisation scales.
Assuming that the total cross section is given by Eq. (43), the correction to the SM asym-
metry can be expressed as

δAdim6
FB =

(

0.0342+0.016
−0.009 cAa + 0.0128+0.0064

−0.0036 c′Aa

)

×
(

1 TeV

Λ

)2

(Tevatron). (53)

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 Fig. 8.
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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.

It is instructive to link the simple analysis given above with models featuring an axigluon
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 ampli-
tude and that of qq̄ → A → tt̄. If the scattering energies are smaller than the mass of the
axigluon, the interference terms exactly match the term in Eq. (27) 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/Λ2 = −2g2

s/m
2
A (where mA is the
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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

(48)

is then distributed as a χ2 with n − 1 degrees of freedom. The theoretical predictions are
obtained by integrating Eqs. (27) and (28) over the scattering angle. The explicit formulas
are given in App. 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 Fig. 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 by
gluon fusion and the contributions of ORv and OLv are much smaller than the SM contribu-
tion. Moreover, the effect of these operators becomes important at high energy where our
expansion breaks down. Only Ohg has an important contribution. However, this contribu-
tion has a similar shape as that of the SM for reasons already mentioned in Section 3.1 and
confirmed by Fig. 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 Fig. 7.

3.4 Forward-backward asymmetry

In this section we analyse the forward-backward asymmetry in our framework (for an analo-
gous study with older data see Ref. [20]). The forward-backward asymmetry in tt̄ production
is defined as

AFB ≡
σ (cos θt > 0) − σ (cos θt < 0)

σ (cos θt > 0) + σ (cos θt < 0)
(49)

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,

16

300 400 500 600 700 800 900 1000
0.00

0.05

0.10

0.15

0.20

mtt!GeV"

1 Σ

d
Σ

d
m
tt

SM

Ohg

ORv#OLv

300 400 500 600 700 800 900 1000
0.00

0.05

0.10

0.15

0.20

mtt!GeV"

1 Σ
"
d
Σ

d
m
tt

SM

cVv # $2, chg#1,

%#1 TeV

0 100 200 300 400 500
0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

pT !GeV"

1 Σ
"
d
Σ

d
p
T

SM

Ohg

ORv#OLv

0 100 200 300 400 500
0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

pT !GeV"

1 Σ
"
d
Σ

d
p
T

SM

cVv # $2, chg#1,

%#1 TeV

$4 $2 0 2 4
0.00

0.02

0.04

0.06

0.08

0.10

Η

1 Σ

d
Σ

d
Η

SM

Ohg

ORv#OLv
$4 $2 0 2 4

0.00

0.02

0.04

0.06

0.08

0.10

Η

1 Σ
"
d
Σ

d
Η

SM

cVv # $2, chg#1,

%#1 TeV

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 = 1 TeV).

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. (50)

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), (51)
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C Aa  and C ’Aa are only constrained by the asymmetry and not by the total cross 
section or the invariant mass distribution

Link to axigluon models:

axigluon mass) obviously leads to a negative asymmetry. To generate a positive asymmetry
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/Λ2 = −2gq

Agt
A/m2

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/Λ2 = −(gL

q
2

+ gR
q

2
)/m2

Z′, where gi
q denotes the coupling

of Z ′ to the flavour-off diagonal current t̄iγµqi. Therefore it leads to a negative asymmetry.
In Fig. 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 Fig. 6).
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Figure 9: AFB prediction at the Tevatron due to an axigluon and comparison with the effective
field theory approach.

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 domi-
nance 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) , (54)

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

(

1 TeV
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.

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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Charge asymmetry ⇔ FB asymmetry

ok.  But where does it come from?

➙ top quarks are preferentially emitted in the direction of the incoming quark

where MNP represents the matrix element of all the (new physics) dimension-six operators
introduced in Section 2.

From the Lagrangian in Eq. (20), the two parton-level cross sections for tt̄ production
at O (Λ−2) follow from the Feynman diagrams depicted in Fig. 14 and 15 of App. 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

)

(27)

dσ

dt
(gg → tt̄) =

dσSM

dt
+
√

2αsgs
vmt

s2

chg

Λ2

(

1

6τ1τ2
−

3

8

)

(28)

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

dσSM

dt
(qq̄ → tt̄) =

4πα2
s

9s2

(

τ 2
1 + τ 2

2 +
ρ

2

)

(29)

dσSM

dt
(gg → tt̄) =

πα2
s

s2

(

1

6τ1τ2
−

3

8

)

(ρ + τ 2
1 + τ 2

2 −
ρ2

4τ1τ2
) (30)

with τ1 =
m2

t − t

s
, τ2 =

m2
t − u

s
, ρ =

4m2
t

s
. (31)

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

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

1 − 4m2

s )

m2
t − t =

s

2
(1 − β cos θ) . (32)

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. (30) and (28), 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 (27) 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 (33)

where here t and q = u, d stand for the full 4-component Dirac spinor;
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|Δy|> 1

➙ Within our two-parameter effective theory, the intersecting region is contrived...
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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 theories
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.
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
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3.5 Spin correlations

We are here focussing on spin correlations which can provide further information on the cou-
pling structure of the production mechanism (for alternative approaches see Ref. [74]). Spin
correlations are good observables to disentangle the contributions from the two operators
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
, (55)

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−) , (56)

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 frame4. There is a one-to-one relation
between the parameters C and b± and the helicity cross sections,

C =
1

σ
(σRL + σLR − σRR − σLL) , (57)

b+ =
1

σ
(σRL − σLR + σRR − σLL) , (58)

b− =
1

σ
(σRL − σLR − σRR + σLL) . (59)

The explicit formulas for the helicity cross sections are given in App. C and lead to (neglect-
ing 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

, (60)

b × σ/pb =
(

0.45+0.12
−0.09

)

cAv ×
(

1 TeV

Λ

)2

, (61)

at the Tevatron, and

C × σ/pb = −166+52
−37 +

[(

−69+17
−13

)

chg +
(

11+1
−1

)

cV v

]

×
(

1 TeV

Λ

)2

, (62)

b × σ/pb =
(

10+1
−1

)

cAv ×
(

1 TeV

Λ

)2

, (63)

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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arrows denote the different projections of the top spin. Consequently, the general form of
the normalized differential tt̄ cross section is given by
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(
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(
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Λ

)2

, (63)

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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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 Fig. 10 for the Tevatron and the LHC respectively. The errors on the
contour lines are only of a few percents.
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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].

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 Figs. 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
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of events after 100 fb−1 [80, 81].
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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 = 1 TeV (on the right) with µF = µR = mt.

4 tt̄bb̄ and tt̄tt̄ production at the LHC

While tt̄ production appears as the leading process to probe any new physics in the top sector,
there are physical situations where the operators 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 composite states only.
The tt̄ process is still probing the dominant operators but at the loop level only. In these
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Model Independent BSM searches
Examples

I. NP Resonances in ttbar

II. Non-Resonant NP in ttbar

III.  Exotic: Same sign tops

IV. Exotic: Monotops

[Frederix, FM, arXiv:0712.2355]

[Degrande, Gerard, Grojean,FM, 
Servant, arXiv:1010.6304]

[Degrande, Gerard, Grojean,FM,    
Servant, arXiv:1104.1798]

[Andrea, Fuks, FM, wip ]

Wednesday 18 May 2011



                      

IoP Half-Day HEPP meeting on Top Quark Physics -- Fabio Maltoni

Model Independent BSM searches
Examples

I. NP Resonances in ttbar

II. Non-Resonant NP in ttbar

III.  Exotic: Same sign tops

IV. Exotic: Monotops

[Frederix, FM, arXiv:0712.2355]

[Degrande, Gerard, Grojean,FM, 
Servant, arXiv:1010.6304]

[Degrande, Gerard, Grojean,FM,    
Servant, arXiv:1104.1798]

[Andrea, Fuks, FM, wip ]

Wednesday 18 May 2011



                      

IoP Half-Day HEPP meeting on Top Quark Physics -- Fabio Maltoni

The operators

q

q

t

t
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The cross section pp→tt

The differential cross section reads:
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Link to resonant models

t-channel s-channel

Linked to AFB in ttbar!!
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t+mET

Very unique signature. 
Two types of physics involved:  R parity 
violation (RPV) and/or FCNC.

Most general simplified model 
leading to monotops:
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t+mET

Study of the simplest signature: 3jets (and/or 1 boosted top)+nothing.

Models implemented in FeynRules + MG5. Pheno ready to go.
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• Bottom-up strategies for top physics lead to very reach 
phenomenology still to be fully exploited/studied at 
hadron colliders.

• Data is becoming available and MC tools for doing this 
are available...

Conclusions

New Physics

Non-resonant Resonant

ExoticStandard

signatures/observables
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• Bottom-up strategies for top physics lead to very reach 
phenomenology still to be fully exploited/studied at 
hadron colliders.

• Data is becoming available and MC tools for doing this 
are available...

• ..so let’s the fun begin!

Conclusions

New Physics

Non-resonant Resonant

ExoticStandard

signatures/observables

Wednesday 18 May 2011



                      

IoP Half-Day HEPP meeting on Top Quark Physics -- Fabio Maltoni

Credits

Thanks to all top-philic collaborators for the great fun. 

Thanks to C. Degrande and C. Grojean in particular 
for sharing slides with me.

Wednesday 18 May 2011


