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EFFECTIVE OPERATORS FOR 
HEAVY, NEW PHYSICS

• Effects on tops from very massive states, O(1 TeV), can be 
parametrized by higher-dimension operators:

• Systematic approach to finding new physics is to bound the Ci 
coefficients.  

L
eff = L

SM +
� Ci

Λ2
Oi
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WHAT ARE THESE OPERATORS 
OF WHICH YOU SPEAK?

•Many parametrizations of 
dimension-6 operators for 
tops in the literature (e.g.):

• Aguilar-Saavedra 
0811.3842 [operators 
equivalent to vertex 
functions]

• Zhang & Willenbrock 
1008.3869 [affect 
observables at O(1/Λ2)]
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LV fifj
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O(3,ij)
φq = i(φ†τ IDµφ)(q̄Liγ

µτ IqLj) , Oij
Du = (q̄Li DµuRj) Dµ φ̃ ,

O(1,ij)
φq = i(φ†Dµφ)(q̄Liγ
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Oij
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Oij
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qµ V
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s

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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TOP COUPLINGS

• Effective operators give us a theoretically consistent 
description of modified couplings to SM bosons, e.g.

• Rewrite these vertex functions in terms of operator 
contributions, which take advantage of gauge invariance, can 
be used at NLO, etc.

Lint ⊃ − g√
2
b̄γµ

�
cWL PL + cWR PR

�
tW−

µ − g√
2
b̄
iσµνqν
MW

�
dWL PL + dWR PR

�
tW−

µ + h.c.,

δcWL = C(3)∗
φq

v2

Λ2
, δdWL =

√
2CdW

v2

Λ2
,

δcWR =
1

2
C(3)∗

φφ

v2

Λ2
, δdWR =

√
2CuW

v2

Λ2
.
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THE CAUTIONARY TALE OF 
GLUONS

• How might we modify the top’s coupling to the gluon?

• Could axial form factor for gluon resolve AFB?*

• Gauge invariance dictates that CA=0.  

• Can’t just add this form factor.

L ⊃ f̄ γµ
�
CV + γ5CA

�
f Aµ

+ Cdip. f̄ iσµνqνfAµ

Proposed in Gabrielli, Raidal et al., 1106.4553, 1112.5885, 1212.3272

By contrast, we can sensibly
talk about adding a chromoelectromagnetic

dipole operator, and can bound it,
cf. Kamenik et al. 1107.3143, Baumgart & Tweedie 1212.4888
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HOW TO GET AN AXIAL 
FORM FACTOR

• Can’t write a standalone 
axial interaction

• Can generate form factor 
from four-fermion operators 
for off-shell gluon

•Operators involved have 
parity-odd structures Four-fermi operator generating axial coupling
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NON-INTERFERING 
OPERATORS 

• Rather than bound loop 
suppressed process, look at 
four-fermion interaction 
directly

• Analysis simplified by non-
interference with QCD

•Most attention in literature 
to date has ignored this set 
(cf. Willenbrock et al. 1008.3869)

O
1,8
AV = [q̄ T1,8γ

µγ5q] [t̄ T1,8γ
µt] ,

O
1,8
V A = [q̄ T1,8γ

µq] [t̄ T1,8γ
µγ5t] ,

O
1,8
PS = [q̄ T1,8γ5q] [t̄ T1,8t] ,

O
1,8
SP = [q̄ T1,8q] [t̄ T1,8γ5t]
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SELECTING A TARGET

•We start with one pair of up-top operators.  

•We perform a simple cut and count analysis with a two-bin 
(“hi” vs. “lo”) ratio

• Knowing that ratio for the SM and at two different parameter 
points lets us scale our sensitivity

O
1,8
AV = [ū T1,8γ

µγ5u] [t̄ T1,8γ
µt]

r =
rSM + C

2
AV HNP

1 + C
2
AV LNP
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EVENT SELECTION AND 
RECONSTRUCTION

• We take events with

• Single charged lepton

• MET

• >4 jets

• >0 btags

• Can make a “topological top pair” by taking scalar pT sum of above and bin hi 
vs. lo.
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RECONSTRUCTION AND 
BACKGROUNDS

• We can also group our jets into 
hadronic top and W by taking chi2 
with the heavy particle masses.  

• This also gives us ability to cut on 
invariant mass and binning by 
invariant mass

• Backgrounds considered include: W
+jets, Z+jets, single-top (t-channel 
and tW)

“Two” bin mttbar (white and pink are different NP points)
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LIMITS

cuts, bin 300 fb−1 (TeV) 3 ab−1 (TeV)
none, hT 1.4 1.8
mt, hT 2.1 2.8

mt, mW , hT 1.8 2.4
mt, mtt̄ 2.2 3.0

mt, mtt̄, C
(8)
AV 1.5 2.0

95% CL limits on effective coupling scale for
cuts (mt and mW windows), binning (hT and mttbar),

bounding C(1)AV except where indicated
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CONCLUSIONS 

• This is work in progress and there remains much to do

• Account for NLO

• Charge asymmetry as complementary observable

• Fits besides two-bin?

• Other operators

• Despite the lack of interference, we can bound these four-quark operators at 
the partonic interaction scale.  Worthy of further study beyond Snowmass.
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