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In the SM,  it is the ONLY quark

  Top is special
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  Top is special

2.  that decays semi-weakly, and 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)

 It is a “naked” quark : flavor and EW physics at their best!
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Strong

Largest cross section (LO at αS2):

~ 7 pb at Tevatron
~ 150 pb at LHC7

Precision physics studies

  Top is special

5



APPS 2011 - Meeting - Amsterdam Nov 30 - Dec 2 Fabio Maltoni

Strong

Largest cross section (LO at αS2):

~ 7 pb at Tevatron
~ 150 pb at LHC7

Precision physics studies

Weak

Weak process : same diagrams as the top decay!

Cross sections smaller than QCD but enhanced by a 
lower energy cost:

~ 3 pb at Tevatron
~ 60pb at LHC7

Three independent channels.

W

W

W

  Top is special
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We know a lot already from the Tevatron...
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• Top quark mass: 173.3 ± 1.1 GeV

• ttbar cross section

• W-boson helicity fractions

• Spin correlations between the top quarks are measured by fitting a double distribution

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

• mtt,  pt ,  HT distributions

• Decay width: Γt < 7.4 GeV at 95% C.L.

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

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

• Single top production cross section

• Measurement of |Vtb| = 0.88 ± 0.07

• Discrimination between t- and s-channel production

We know a lot already from the Tevatron...
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...and more is coming from the LHC!

7



APPS 2011 - Meeting - Amsterdam Nov 30 - Dec 2 Fabio Maltoni

...and more is coming from the LHC!
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Can theorists match the wealth and accuracy 
of experimental results?
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• The importance of being Top

• Precision SM Top Physics

• Top as tool for BSM: strategy and examples

• Outlook
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 PROGRESS IN SM TOP PREDICTIONS
Top pair cross section and distributions:

• Updates of total top pair cross section (NLO QCD + threshold res. (NLL)) Moch, Uwer; Cacciari et al; Kidonakis, Vogt
• NNLL extensions  Czakon et al.; Beneke et al.; Ahrens et al., Cacciari et al.
• Forward-Backward asymmetry from threshold resummation Almeida et al; Ahrens et al.; Antunano et al.; Kidonakis;
• Top pair invariant mass very close to production threshold (resonance peak)  Hagiwara et al; Kiyo et al.
• Partial results towards top pair total rate at NNLO QCD Czakon; Bonciani et al. ...

Top pair + jets:  top as a background to Higgs searches: H→ W+W-  and ttH

• pp → tt+jet Dittmaier et al.; Melikov, Schulze
• pp → tt bb Bredenstein et al.; Bevilacqua et al.

• pp→ tt jj Bevilacqua et al.
• tt(+jet) production including decay at NLO QCD Melnikov, Schulze, Melnikov et al.; including weak interference 

corrections Bernreuther, Si
• tt spin correlations revisited Mahlon, Parke; Bernreuther, Si

Single-top:
• Single top t-channel production at NLO QCD in 5 and 4 flavor schemes Campbell, Frederix, FM, Tramontano
• Single top including decay at NLO QCD Falgari et al.

Monte Carlo at NLO: 
• Wt production at NLO QCD in MC@NLO Frixione et al.; White et al.
• tt+1jet in via the POWHEG-Box Cardos et al.. 
• 4F tj in aMC@NLO Frederix,et al. , Re...
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 PROGRESS IN SM TOP PREDICTIONS:
EXAMPLE 1: SIGMA(T TBAR)

σX =
∑
a,b

∫ 1

0

dx1dx2 fa(x1, µ
2

F )fb(x2, µ
2

F ) × σ̂ab→X(x1, x2, αS(µ2

R),
Q2

µ2

F

,
Q2

µ2

R

)
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#
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Beware: NNLO corrections not known exactly yet!!
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 PROGRESS IN SM TOP PREDICTIONS:
EXAMPLE 1: SIGMA(T TBAR)

Langfeld, Moch, Uwer 2009
pole mass

Approximated NNLO results:
very good scale dependence improvement: 

Langfeld, Moch, Uwer 2009
MSbar mass

*

Even better if the MSbar mass is used  as a 
parameter in the calculation :  possibility of 
extracting the mass from the cross section.
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 PROGRESS IN SM TOP PREDICTIONS:
EXAMPLE 1: SIGMA(T TBAR)

[Cacciari, Czakon, Mangano, Mitov, Nason, 2011]

Last results at NLO+NNLL:

Tevatron LHC

* Best improved results basically the same as those from standard NLO both Tevatron and LHC

* Nothing more to squeeze out from improved, partial, resummed results. The only improvement now
can come from the true NNLO corrections which should be expected soon.

13



APPS 2011 - Meeting - Amsterdam Nov 30 - Dec 2 Fabio Maltoni

 PROGRESS IN SM TOP PREDICTIONS:
EXAMPLE 2: WWBB

• Calculations beyond LO so far used the narrow width approximation for the top quark pair 
production: tops are assumed to be stable
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 PROGRESS IN SM TOP PREDICTIONS:
EXAMPLE 2: WWBB

• Calculations beyond LO so far used the narrow width approximation for the top quark pair 
production: tops are assumed to be stable
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Figure 1: Representative Feynman diagrams contributing to the leading order process

gg → e+νeµ−ν̄µbb̄ at O(α2
sα

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

and non-resonant top quark contributions.

qq̄ → e+νeµ
−ν̄µbb̄ (2.1)

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

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

– 3 –
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• However, top quarks 
decay, so the true LO 
diagram is this one
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where q stands for up- or down-type quarks. The O(α2
sα

4) contributions to the
e+νeµ−ν̄µbb̄ process can be subdivided into three classes, namely diagrams containing
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• However, top quarks 
decay, so the true LO 
diagram is this one
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where q stands for up- or down-type quarks. The O(α2
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4) contributions to the
e+νeµ−ν̄µbb̄ process can be subdivided into three classes, namely diagrams containing

– 3 –

• In fact, there are quite a 
few more diagrams of 
the same order...
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 PROGRESS IN SM TOP PREDICTIONS:
EXAMPLE 2: WWBB

• Calculations beyond LO so far used the narrow width approximation for the top quark pair 
production: tops are assumed to be stable
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• Gauge invariance guides us to include also single-resonant and non-resonant 
production.  Note that there is interference between the diagrams above
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• Compared to the LO WWbb production, the NLO corrections do not lead to an overall 
change in normalization:
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Figure 16: Differential cross section distributions as a function of the averaged transverse

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

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

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

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

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

and HT distributions, which are

distorted up to 40%− 80%.

4. Conclusions

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

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

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

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

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

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

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

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

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

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

– 17 –

TevatronLHC (7 TeV)

 PROGRESS IN SM TOP PREDICTIONS:
EXAMPLE 2: WWBB

Denner et al.

• Recently, the full NLO computations to the WWbb process (with mb=0) were calculated 
by two independent groups. [Denner et al.; Bevilacqua et al. ]

15
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• A full calculation with mb≠0  would have a much 
larger phenomenological impact 

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

• Particularly important when cuts require tops to be 
off-shell

• No need to disentangle top pair and Wt and apply 
separate K-factors when studying the “top” 
background to e.g. H ➞ WW. 

G. TONELLI, CERN/INFN/UNIPISA                                         La_Thuile _2011                                                      March 1,  2011           !35!

First measurement of the WW cross section at LHC 

W+W" candidates are selected in events with two leptons, electrons or muons. !

The pp!W+W" cross section is measured to be 41.1±15.3(stat.)±5.8(syst.)±4.5(lumi.) 

pb, consistent with the standard model predictions (43.0 ± 2.0 pb) at NLO. 

36pb-1!

Lepton PT > 20 GeV!

Projected MET > 35 GeV!

    or > 20 GeV for e#!

Mll Veto: MZ ± 15 GeV !

Jet Veto: PT > 25 GeV!

Top Veto: bTag + soft-#!

arXiv:1102.5429v1; CMS EWK-10-009 CERN-PH-EP/2011-015 2011/02/26!

 PROGRESS IN SM TOP PREDICTIONS:
EXAMPLE 2: WWBB

Add it to the desiderata...
16
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 PROGRESS IN SM TOP PREDICTIONS:
EXAMPLE 3: COLOR CHARGE ASYMM.

∆yTEV = yt − yt̄ ∆yLHC = |yt|−| yt̄|

Att̄
CC =

σ(∆y > 0)− σ(∆y < 0)
σ(∆y > 0) + σ(∆y < 0)

Other definitions are used: lab frame at Tevatron, central charge [Antunano, et al,] and one-side 
asymmetries [Wang et al. 2010] at the LHC which depend on a cut.  ACC at the LHC has been introduced 
by CMS (in terms of pseudo-rapidity). LHCB does not need any special definition [Kagan et al.]

17
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 PROGRESS IN SM TOP PREDICTIONS:
EXAMPLE 3: COLOR CHARGE ASYMM.

[Aguilar-Saavedra, top2011]
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Att̄
CC =

Aα3
S + Bα4

S + . . .

Cα2
S + Dα3

S + . . .
Observable only 
known only at the leading order!

19
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Att̄
CC =

Aα3
S + Bα4

S + . . .

Cα2
S + Dα3

S + . . .
Observable only 
known only at the leading order!

αS4 (NNLO) calculation for the sigma(ttbar) not available yet. 

However,
1. Improved approx NNLO results indicate no major changes 
[Almeida et al; 2010 Ahrens et al. 2010; Antunano et al 2010.; Kidonakis 2011]

2. Studies on ttj indicate that the nature of the asymmetry is 
twofold and no genuinely new contributions should arise at higher 
order. (?) [Melnikov & Schulze, 2010]

3. EW corrections are small [Kuhn & Pagani 2011]

19
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Att̄
CC =

Aα3
S + Bα4

S + . . .

Cα2
S + Dα3

S + . . .
Observable only 
known only at the leading order!

αS4 (NNLO) calculation for the sigma(ttbar) not available yet. 

However,
1. Improved approx NNLO results indicate no major changes 
[Almeida et al; 2010 Ahrens et al. 2010; Antunano et al 2010.; Kidonakis 2011]

2. Studies on ttj indicate that the nature of the asymmetry is 
twofold and no genuinely new contributions should arise at higher 
order. (?) [Melnikov & Schulze, 2010]

3. EW corrections are small [Kuhn & Pagani 2011]

Note, on the other hand, the interesting pattern:
t tbar  :  LO=0  + Virtual>0 (large)  + Real<0 (small) = 0.05
t tbar j : LO<0 (-0.08) + Virtual>0 (large)  + Real<0 (small) = -0.02
t tbar jj : LO <0 
Virtuals always dominate : what about the two-loop contributions? to be seen...

19
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 PROGRESS IN SM TOP PREDICTIONS:
EXAMPLE 3: COLOR CHARGE ASYMM.
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 PROGRESS IN SM TOP PREDICTIONS:
EXAMPLE 3: COLOR CHARGE ASYMM.

[Aguilar-Saavedra, top2011]
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• The importance of being Top

• Precision SM Top Physics

• Top as tool for BSM: strategies with examples

• Outlook

OUTLINE
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Ok, top is special and a lot of data coming,  
but why are we getting so excited about it?
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Ok, top is special and a lot of data coming,  
but why are we getting so excited about it?

LHC
data

L
H
C

d
a
t
a
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New Physics

Signatures/Observables

BSM : top-down approach
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New Physics

Signatures/Observables

BSM : top-down approach
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BSM : top-down approach

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

* Consider viable benchmark points.

* Identify the signatures with top.

* Set exclusion limits on the model parameters

* Optional : learn “model independent” lessons...

24
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• 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.

BSM : top-down approach

t

t~

χ1

χ
2

t
-

g

g~
g~

g~

g

t-

~t

t

χ0
1

t

t

t

t

-

-

Examples: signatures with top:
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New Physics

Signatures/Observables

Bottom-up approach
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New Physics

Signatures/Observables

Bottom-up approach
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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),                   

Bottom-up approach
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New Physics

Signatures/Observables

Bottom-up approach
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New Physics

Signatures/Observables

Bottom-up approach
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New Physics

Standard

Signatures/Observables

Bottom-up approach
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New Physics

ExoticStandard

Signatures/Observables

Bottom-up approach
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New Physics

ExoticStandard

Signatures/Observables

Bottom-up approach
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Energy
Λ=M

New Physics

q

q
_ Z’

q

q
_

Z’
f

f
_

g g

1
p2 −M2

New Physics : Two possibilities
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� = c = 1
dimAµ = 1
dimφ = 1
dimψ = 3/2

Leff = LSM +
�

i

ci

Λ2
O

dim=6
i

Bad News:  > 60 operators [Buchmuller, Wyler, 1986]
Good News : an handful are unconstrained and can signifcantly  contribute to top physics!

[Aguilar-Saavedra 2010, Willenbrock et al. 2010, Degrande et al 2010]

g2

M2

New Physics : Two possibilities
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Signatures/Observables

New Physics

ExoticStandard

signatures/observables

Bottom-up approach
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New Physics

ExoticStandard

signatures/observables

Bottom-up approach
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New Physics

Resonant

ExoticStandard

signatures/observables

Bottom-up approach
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New Physics

Non-resonant Resonant

ExoticStandard

signatures/observables

Bottom-up approach
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New Physics

Non-resonant Resonant

ExoticStandard

signatures/observables

Bottom-up approach
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MODEL INDEPENDENT BSM SEARCHES:
EXAMPLES

I.   EFT approach to ttbar 

II.  Exotic

A.Same sign tops

B. Monotops

C. BNV

34



APPS 2011 - Meeting - Amsterdam Nov 30 - Dec 2 Fabio Maltoni

MODEL INDEPENDENT BSM SEARCHES:
EXAMPLES

I.   EFT approach to ttbar 

II.  Exotic

A.Same sign tops

B. Monotops

C. BNV
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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)
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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].
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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

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

+ +

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

gluon fusion 
corrections from chg only 

qq annihilation: 
both chg  and 4-fermion operators

TTBAR PRODUCTION 
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 = L
SM
tt̄ +

1
Λ2

�
ghOhg + cRORg + aRO

8
Ra + (R↔ L)

�
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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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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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(
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s )
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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
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c′
V v
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where here t and q = u, d stand for the full 4-component Dirac spinor;
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tions were recently fully computed in Ref. [24] and consistent with our expressions with the
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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:
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tions were recently fully computed in Ref. [24] and consistent with our expressions with the
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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
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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
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V v
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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
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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
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c′
V v

2

t̄γµTAtq̄γµTAq (33)

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

10

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
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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
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c′
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2
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where here t and q = u, d stand for the full 4-component Dirac spinor;
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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.
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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.
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where MNP represents the matrix element of all the (new physics) dimension-six operators
introduced in Section 2.
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−
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tions were recently fully computed in Ref. [24] and consistent with our expressions with the
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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:
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• The pp ➙ ttbar total cross section at Tevatron depends on both chg and cVv  and 
constrains thus a combination of these parameters.
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• The pp ➙ ttbar total cross section at LHC strongly depends mostly on chg  and can be 
directly used to constrain the allowed range for chg
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Effective Field Theory Approach 
to t tbar production
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5 Summary

In theories that provide a mechanism for mass generation, new physics must have a large cou-
pling to the top quark. It is therefore natural to use top quark observables to test the mech-
anism responsible for electroweak symmetry breaking. We have shown how non-resonant
top-philic new physics can be probed using measurements in top quark pair production at
hadron colliders.

Some of our results already appeared in the literature, although only subsets of dimension-
six operators were considered. For instance, there is an extensive literature [14–17, 21, 22]
on the operator Ohg, the chromomagnetic dipole moment of the top quark, while other
works focused on the effect of additional four-fermion operators on top pair production at
the Tevatron [18–20, 51]. Recently, all relevant operators were properly accounted for in
Ref. [24] which however did not cover the corresponding phenomenological analysis. In our
work, the aim is to provide a complete and self-consistent treatment in a model-independent
approach and, especially, to extract the physics by combining information from the Tevatron
and the LHC.

The analysis can be performed in terms of eight operators, suppressed by the square of
the new physics energy scale Λ. Observables depend on different combinations of only four
main parameters

σ(gg → tt̄), dσ(gg → tt̄)/dt ↔ chg

σ(qq̄ → tt̄) ↔ chg, cV v

dσ(qq̄ → tt̄)/dmtt ↔ chg, cV v

AFB ↔ cAa

spin correlations ↔ chg, cV v, cAv

where chg is the parameter associated with the chromomagnetic dipole moment operator
and cV v, cAa, cAv correspond to particular combinations of four-fermion operators defined in
Section 2.2. Let us summarize our main results on these observables.

1. Since top pairs are mainly produced by gluon fusion at the LHC, the measurement of
the tt̄ cross-section at the LHC will determine the allowed range for chg. In contrast, the
Tevatron cross section is also sensitive to the four-fermion operators and constrains a
combination of chg and cV v. Consequently, the measurements of the total cross section
at the Tevatron and at the LHC are complementary and combining the two will pin
down the allowed region in the (chg, cV v) plane. We emphasize that the Ohg operator
can only be generated at the loop-level in resonance models. Consequently, chg is
expected to be small in such models.

2. The shape of the invariant mass distribution at the Tevatron is sensitive to a combina-
tion of the parameters cV v and chg which is different from the combination controlling
the total cross section. It depends quite strongly on the presence of four-fermion
operators and was used to further reduce the parameter space mainly along the cV v

direction.

25

Non-resonant top philic new physics can be probed using measurements in top pair 
production at hadron colliders

This model-independent analysis can be performed in terms of 8 operators. 

Observables depend on different combinations of only 4 parameters:

Effective Field Theory Approach 
to t tbar production : Summary
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MODEL INDEPENDENT BSM SEARCHES:
EXAMPLES

I.   EFT approach to ttbar (including AFB)

II.  Exotic

A.Same sign tops

B. Monotops

C. BNV
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[Rajamaran et al., 2011][C. Degrande et al. , 2011], [Aguilar-Saavedra et al. 2011], [E. Berger et 
al. , 2011],[J. Cao et al., 2011] [Hao Zhang et al., 2010],[C. Bauer et al. 2010], [S. Jung et al. 2009]
[J. Gao et al.  2009],[S. Bar-Shalom et al ,2008]....
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Exotic signature : “easy” to identify in the same sign channel (double lepton decay) 
or in the charge asymmetry. (single lepton decay).  At the LHC enhanced by PDF. 

SAME SIGN TOPS
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AFB  for neutral particle exchanges!
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SAME SIGN TOPS
Effective approach:

L
qq→tt
dim=6 =

1
Λ2

�
cRRORR + c(1)

LLO
(1)
LL + c(3)

LLO
(3)
LL + c(1)

LRO
(1)
LR + c(8)

LRO
(8)
LR

�
+ h.c..

with:

dσ

dt
=

1
Λ4

��
|cRR|2 + |cLL|2

� �
s− 2m2

t

�

3πs

+
����c(1)

LR

���
2

+
2
9

���c(8)
LR

���
2
� �

m2
t − t

�2 +
�
m2

t − u
�2

16πs2

−
����c(1)

LR

���
2

+
8
3
�

�
c(1)
LRc(8)

LR

∗�
− 2

9

���c(8)
LR

���
2
�

m2
t

24πs

�
.

ORR = [t̄RγµuR] [t̄RγµuR] O
(1)
LL =

�
Q̄LγµqL

� �
Q̄LγµqL

�
O

(3)
LL =

�
Q̄LγµσaqL

� �
Q̄LγµσaqL

�

O
(1)
LR =

�
Q̄LγµqL

�
[t̄Rγµ uR] O

(8)
LR =

�
Q̄LγµTAqL

� �
t̄Rγµ TAuR

�

All the effects given by the (heavy) resonances written before can be written in terms of the operators.

[Degrande, Gerard, Grojean, FM, Servant, 2011]

44



APPS 2011 - Meeting - Amsterdam Nov 30 - Dec 2 Fabio Maltoni

The Tevatron constraints on same-sign tops [CDF/PHYS/EXO/PUBLIC/10466]  (pretty weak)

LHC start to put limits on same sign tops, but using a model...:

[Degrande, Gerard, Grojean, FM, Servant, 2011]

SAME SIGN TOPS
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MONOTOPS

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

Most general simplified model 
leading to monotops:

[J. Andrea, B. Fuks, F.M., 2011]
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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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TOP & BARYON NUMBER VIOLATION 

Weinberg’s dimension-6 operator basis  reduce in case of top to only 2 independent ones:

Ldim=6
BNV =

1

Λ2

5�

i=1

ci O
(i)

O
(s) ≡ �

αβγ [tcα(aPL + bPR)Dβ ][U c
γ(cPL + dPR)E]

O
(t) ≡ �

αβγ [tcα(a
�
PL + b

�
PR)E][U c

β(c
�
PL + d

�
PR)Dγ ]

[Z. Dong, G. Durieux, JM Gerard, T. Han, F.M., 2011]
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TOP & BARYON NUMBER VIOLATION 
[Z. Dong, G. Durieux, JM Gerard, T. Han, F.M., 2011]

ΓBNV
t =

m5
t

192π3

1

16Λ4
[A+B + C] σ̂BNV

t =
ŝ

96πΛ4

�
1− m2

t

ŝ

�2 ��
A

3
+B + C

�
+

m2
t

ŝ

A

6

�
,

t
BNV−−−→ U DE+ U D

BNV−−−→ t̄ E+

Strongly constrained by proton decay due to two-loop contributions. Theory of flavor needed...
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