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STANDARD MODEL TOP 
COUPLINGS

• Electroweak-scale mass 
makes top a prime 
candidate to manifest BSM 
physics.

•Measure the gauge and 
Yukawa couplings predicted 
by SM to look for deviations.

Figure 1. Fraction of top pair (left pane) and t-channel single-top production which is accompanied by a

boson. The tt̄ + W± process is included for completeness, even though the W does not couple to the top

quark. The ratios are calculated in lowest order perturbation theory.

1 Standard Model couplings1

The top quark couples to other Standard Model fields through its gauge and Yukawa interactions. With2

the advent of high statistics top physics at the LHC, the processes where the bosons, γ, Z and H are3

produced in association with top quarks become accessible. The first evidence on the coupling of the4

top quark to these particles will come from the production rate. The coupling of top to the W boson5

can be examined either by looking at the decay of the top quark or from single top quark production.6

Two recent reviews of the experimental situation for top couplings can be found in ref. [1, 2].7

1.1 Top + γ8

Experimental results on the production of a photon in association with a top pair have been presented9

by both the CDF collaboration[3] and the ATLAS collaboration[4]. Next-to-leading order (NLO)10

corrections to the top cross section in association with a photon are given in refs. [5, 6]. When11

confronting theory with experimental data it is important to include photon radiation off top quark12

decay products, which are found to give a significant contribution to the cross-section [5].13

– 2 –

Associated production rates for 
single and double top with SM 

bosons2
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TOP COUPLINGS TO γ & Z

•What is the top’s electric 
charge?

•What are its vector and axial 
couplings to γs and Zs?

•Measure the overall cross 
section of ttbar+V events

1 Introduction

The top quark was discovered more than fifteen years ago, but many of its properties have been measured

only with large uncertainties or even not at all. With the large number of top quarks already recorded

at the LHC, measurements with much higher precision can be performed to investigate the properties of

the top quark. One example of these properties is the electroweak couplings of the top quark. They can

be probed directly by investigating tt̄ events with an additional gauge boson, like tt̄γ and tt̄Z events.

A test of the vector and axial vector couplings in tt̄γ events will only be feasible with an integrated

luminosity of several fb−1 [1–3]. However, the cross section for the process pp→ tt̄γ and the confirma-

tion of the Standard Model top quark charge are properties that can be determined with smaller datasets.

A first measurement of σtt̄γ and the ratio σtt̄γ/σtt̄ in pp̄ collisions at the Tevatron collider is described

in [4, 5].

Photon radiation off top quarks can be classified into two processes: The first process is tt̄γ production

with the top quarks decaying without photon radiation (radiative top quark production) as shown in

Fig. 1. This type of process includes photons radiated from off-shell top quarks as well as photons

radiated off the incoming partons (ISR). The second process is radiative top quark decay, where a photon

is radiated either from an on-shell top quark, its decays products or the decay products of the W-boson.

Some representative diagrams for tt̄γ decays are illustrated in Fig. 2. The analysis presented here does not

distinguish between radiative top quark production and decay. Consequently, non-negligible interference

effects between the two processes are taken into account.

In this note we present the first measurement of the cross section times branching ratio (BR) into

single or dilepton channels (including τ-leptons) for the process pp → tt̄γ at a centre-of-mass energy

of 7 TeV. The measurement is performed using data with an integrated luminosity of 1.04 fb−1 taken

with the ATLAS detector. The event selection is performed in the single electron and single muon event

samples.
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Figure 1: Representative Feynman diagrams for the process of tt̄γ production.

2 Signal and Background Modeling

In order to calculate the efficiency for the signal (tt̄γ), to estimate some of the background contributions

and to evaluate systematical uncertainties, Monte Carlo (MC) samples are used. All MC samples are

generated with multiple pp interactions (pile-up) and are reweighted by matching the distribution of

the number of interactions per bunch crossing to the one observed in data (on average 5.6 interactions

per bunch crossing). The samples are passed through the GEANT4 [6] simulation [7] and the same

reconstruction software of the ATLAS detector as applied on data.

The signal sample is generated with the WHIZARD [8] MC generator, which allows for a full cal-

culation of the seven-particle final states $ν$qq̄
′bb̄γ and $ν$$

′ν$′bb̄γ with $/$
′ = e, µ, τ, taking into ac-
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Figure 2: Representative Feynman diagrams for the process of tt̄γ decay. Only one top quark is shown.

count all possible contributing diagrams at leading order (LO). These events are generated using the

CTEQ6L1 [9] parton distribution function, and hadronized with HERWIG [10]. Additional photon radi-

ation in the fragmentation process is simulated with PHOTOS [11].

Light quarks (u, d, s), c-quarks and electrons (e+/−) are assumed to be massless and the top quark

mass is set to mt = 172.5 GeV. To avoid infinities due to massless particles in the calculation of the

matrix element, invariant masses of pairs of massless particles are required to be larger than 5 GeV. The

transverse momentum of the photon is required to be larger than 8 GeV.

The cross section times branching ratio for the generated tt̄γ sample (which includes single and

dilepton tt̄γ events) is 0.84 pb at a centre-of-mass energy of 7 TeV. In order to scale the LO Monte Carlo

sample to the next-to-leading-order (NLO) prediction a k-factor of 2.55 ± 0.50 is estimated [12,13] for a

centre-of-mass energy of 7 TeV, resulting in a cross section of 2.1 ± 0.4 pb.
In the MC sample for inclusive tt̄ production, generated with MC@NLO [14], photon radiation is

simulated with HERWIG and PHOTOS. This leads to an overlap between the processes simulated in

this sample and the tt̄γ sample produced with WHIZARD. This overlap is removed by applying the

WHIZARD generator cuts to all events where a photon is radiated off a particle from the top quark decay

chain in the MC@NLO sample. All events which fulfil the WHIZARD generator cuts are removed from

the MC@NLO sample.

Top pair and single top events are generated using MC@NLO with the CTEQ6.6 [9] parton distribu-

tion function. The parton shower and the underlying event are added using the HERWIG v6.510 [15] and

the JIMMY [16] generators. The tt̄ cross section is normalised to the approximate next-to-next-to-leading

order (NNLO) prediction of 164.6 pb, obtained using the HATHOR tool [17]. The single top produc-

tion cross sections are normalised to the approximate NNLO prediction of 64.6 pb [18], 4.6 pb [19] and

15.7 pb [20] for the t, s and Wt production channels respectively. For the tt̄ initial and final state gluon

radiation studies a set of twelve samples generated with the AcerMC [21] and the PYTHIA generators

are used. For these samples the parameters steering the level of initial and final state radiation (or their

combination) are varied within a range of values not excluded by the current experimental data [22].

Vector boson production is simulated using ALPGEN [23] interfaced to the HERWIG and the JIMMY

generators. For both the matrix element calculations and the parton shower evolution the CTEQ6.1 [9]

parton distribution function is used. Diboson events (WW, WZ and ZZ) are simulated using HERWIG.

3 Data Sample and Event Selection

3.1 Data Sample

Data from proton proton collisions in stable data taking periods from March until June 2011 are consid-

ered, corresponding to an integrated luminosity of 1.04 fb−1. Only data from periods when all detectors

2

Top production and decay 
diagrams with γ in the final state

3
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TOP COUPLING TO W

• Top decays help determine structure of coupling to Ws.

•Different W polarizations give different lepton angular 
distributions:

• Fractions determined in SM, e.g.                          ,

•  Single top production in association with W constrains Vtb.

1

N

dN(W → eν)

d cos θ∗e
=

�
3

4
sin2 θ∗eF0 +

3

8
(1− cos θ∗e)

2FL +
3
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(1 + cos θ∗e)

2FR

�

F0 =
m2

t

m2
t + 2M2

w

4

FR = 0
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TOP COUPLING TO HIGGS

• Indirect evidence of coupling 
from gluon fusion 
production and H→γγ

•More information will come 
from ttbar+H final states

• Single top + Higgs is 
challenging for LHC. 
Observation could be new 
physics sign.

Figure 2. Diagrams for the production of the Higgs in association with a single top.

1.2 Top + Z1

The primary source of information on the coupling of the top to the Z-boson will come from the2

associated production of the Z with a top quark. A first measurement of vector boson production3

in association with top-antitop pairs is given in ref. [7]. A search for this final state has also been4

performed by ATLAS [8]. Flavor changing couplings of the top quark to the Z are limited by the5

limits on neutral current decay of the top quark [9, 10].6

Also of interest is the associated production of a Z-boson in single top production, since it is7

sensitive to the couplings of the Z to both the W -boson and the quarks, including the top. Fig. 18

shows the production of tt̄+Z and the production of t+Z and t̄+Z as a fraction of the corresponding9

cross section without a vector boson. At
√
s = 14 TeV the tt̄ pair cross section is about 1 nb and the10

single top production cross section for t (t̄) is about 150(100) pb.11

1.3 Top + H12

Indirect evidence of the coupling of the top to the Higgs boson comes from the Higgs boson production13

rate in pp collisions at the LHC. The gluon-gluon fusion production of the Higgs boson is predicted to14

proceed predominantly through a top loop. The decay of the Higgs, H → γγ also proceeds through a15

top loop (and a W -boson) loop and will provide complementary information.16

Further information will have to await the observation of the direct production process, tt̄ +H .17

Fig. 1 shows the production of tt̄ + H and the production of t + H and t̄ + H as a fraction of the18

cross section without the corresponding vector boson. Theoretical predictions for tt̄H production at19

next-to-leading order can be found in refs. [11–15].20

The production of the Higgs in association with a single top is of interest because of the substantial21

cancellation between the two diagrams where the Higgs is emitted from the top quark or from the22

W -boson exchanged in the t-channel, as shown in Fig. 2. After inclusion of the branching ratios the23

cross section is very small, perhaps beyond the limit of observability at the high luminosity LHC. Thus24

any non-standard physics that affects the cancellation such as a change of sign of the coupling to the25

top will lead to a much larger cross section. For a discussion of this process and references to recent26

literature, see refs. [16–20].27

1.4 Top + W28

Constraints on the couplings of the top to the W come from top decay and from single top production.29

Measurements of the W boson helicity in top decay probes the structure of the Wtb vertex. In the30

standard model the branching fraction of the top quark to longitudinal W bosons is given by,31

Γ(t → bW0)

Γ(t → bW )
= F0 =

m2
t

m2
t + 2M2

w

(1.1)

– 3 –

Large cancellation in SM 
between these diagrams

5
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NEW PHYSICS IN THE TOP 
SECTOR

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

• Companion note* to this talk provides a table of 26 
dimension-6 operators affected by new physics in top sector.

• Alternate approach works in terms of vertex functions/form 
factors, about which more...

L
eff = L

SM +
� Ci

Λ2
Oi + · · ·

6

* http://www.snowmass2013.org/tiki-download_file.php?fileId=40
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VERTEX FUNCTIONS 
•  If New Physics affects the ttbar-V vertex, we can write it as 

the following interaction where cL,R, dL,R coefficients are 
functions of gauge boson momentum (e.g. for W):

• Similar terms for other gauge bosons

• If NP were at low mass scales, we may be forced into such a 
description.

• Taking Precision Electroweak seriously, this approach has 
drawbacks...

Lint ⊃ − g√
2
b̄γµ

�
cWL PL + cWR PR

�
tW−

µ − g√
2
b̄
iσµνqν
MW

�
dWL PL + dWR PR

�
tW−

µ + h.c.

7
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THE TROUBLE WITH VERTEX 
FUNCTIONS

•One issue with vertex functions is they obscure parametric 
hierarchy.

•Naively, cLW, cRW, dLW, and dRW appear on equal footing with 
arbitrary W-momentum (Q2) dependence.

• From effective operator approach, we see that dLW and cRW 
only contribute at O(mb) and O(1/Λ4).

•Operators also tell us O(v2/Λ2) corrections to cLW and dRW 
are Q2-independent.

Lint ⊃ − g√
2
b̄γµ

�
cWL PL + cWR PR

�
tW−

µ − g√
2
b̄
iσµνqν
MW

�
dWL PL + dWR PR

�
tW−

µ + h.c.

8
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MORE TROUBLE WITH VERTEX 
FUNCTIONS*

• There are further theoretical advantages to higher-dimension operators:

• Gauge symmetries of the SM are manifest.

• Contact interactions (e.g. four-quark) and vertex corrections treated 
consistently.

• Works equally well for on- or off-shell quarks.  Minimal vertex-
functions assume the former.

• EFTs are renormalizable in the modern sense (hep-th/9510087).  
Consistent to use operators in loops.  NP might be virtual.

*For more on the advantages of Effective Field Theory for tops, see Zhang and Willenbrock 1008.3155
9
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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)]

W, Z, γ, g

LV fifj
= f̄j γµ (ALPL + ARPR) fi Vµ

+f̄j iσµνqν (BLPL + BRPR) fi Vµ + H.c. ,

q = pi − pj AL,R BL,R

q2

AL = AR AL,R = 0

qµ

V εµ qµεµ = 0

fi fj

Λ

L =
∑ Cx

Λ2
Ox + . . . ,

Ox Cx

Λ

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

µqLj) , Oij

D̄u
= (Dµq̄Li uRj) Dµ φ̃ ,

Oij
φφ = i(φ̃†Dµφ)(ūRiγ

µdRj) , Oij
Dd = (q̄Li DµdRj) Dµ φ ,

Oij
φu = i(φ†Dµφ)(ūRiγ

µuRj) , Oij

D̄d
= (Dµq̄Li dRj) Dµ φ ,

Oij
uW = (q̄Liσ

µντ IuRj)φ̃W I
µν , Oij

qW = q̄Liγ
µτ IDνqLjW

I
µν ,

Oij
dW = (q̄Liσ

µντ IdRj)φ W I
µν , Oij

qB = q̄Liγ
µDνqLjBµν ,

Oij
uBφ = (q̄Liσ

µνuRj)φ̃Bµν , Oij
uB = ūRiγ

µDνuRjBµν ,

i, j = 1, 2, 3 q̄Li uRi dRi

qµ V

t

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

10
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MODIFICATIONS TO KNOWN 
PROCESSES

• We can first consider those 
operators with tops that modify:

• Charged current single-top 
production

• top decay

• ttbar production

• Look for modifications to: overall 
rate, differential rate in decay 
product energy, angle.  

Figure 5: Feynman diagrams for the s- and t-channel single top production. (a-c) are the s-channel diagrams,

while (d-f) are the t-channel diagrams. (a,d) are the SM amplitude, (b,e) are the correction from O(3)
φq and

OtW , and (c,f) are the four-fermion interaction from O(1,3)
qq . The diagrams for the t-channel process d̄b → ūt

can be obtained by interchanging u and d quarks in (d-f).

Again, the first two operators O(3)
φq and OtW will affect the Wtb coupling. The “chromomagnetic moment”

operator OtG modifies the gtt coupling:

Leff =
ReCtG√

2Λ2
v
(

t̄σµνλAt
)

GA
µν (25)

This interaction is neglected in the vertex-function approach to the Wtb vertex.

The Feynman diagrams are shown in Figure 6. Since the operators O(3)
φq and OtW will be measured

(or bounded) from single-top production and top-quark decay, respectively, the Wt associated production
process can be used to measure (or bound) the operator OtG, which is also present in tt̄ production (see
Section 4).

Here we list all the corrections to the SM amplitudes and cross sections. The squared amplitude of the
three channels are:

s-channel:

1

4
Σ|Mud̄→tb̄|2 =

(

V 2
tb +

2C(3)
φq Vtbv2

Λ2

)

g4u(u−m2
t )

4(s−m2
W )2

−
2
√
2ReCtWVtbmtmW

Λ2

g2su

(s−m2
W )2

+
2C(1,3)

qq Vtb

Λ2

g2u(u−m2
t )

s−m2
W

(26)

t-channel:

1

4
Σ|Mub→dt|2 =

(

V 2
tb +

2C(3)
φq Vtbv2

Λ2

)

g4s(s−m2
t )

4(t−m2
W )2

−
2
√
2ReCtWVtbmtmW

Λ2

g2st

(t−m2
W )2

+
2C(1,3)

qq Vtb

Λ2

g2s(s−m2
t )

t−m2
W

(27)

1

4
Σ|Md̄b→ūt|2 =

(

V 2
tb +

2C(3)
φq Vtbv2

Λ2

)

g4u(u−m2
t )

4(t−m2
W )2

−
2
√
2ReCtWVtbmtmW

Λ2

g2ut

(t−m2
W )2

+
2C(1,3)

qq Vtb

Λ2

g2u(u−m2
t )

t−m2
W

(28)

8

Modifications to s- and t-channel single top production.
Right diagrams can’t be written as vertex function.

Table 1. Dimension-6 operators for tt̄ production, single t production, t decay, and tt production. The q and

u fields without flavor superscript are third generation, except for the neutral current and tt sections where i

and j run from 1-3. As usual, φ̃ = εφ∗.

Charged current single top production and top decay

O(3)
φq = i(φ†τIDµφ)(q̄γµτIq) Oφφ = i(φ̃†Dµφ)(ūγµd)

OuW = (q̄τIσµνu)φ̃W I
µν OdW = (q̄τIσµνd)φW I

µν

Single top and tt̄ production

OuG = (q̄λaσµνu)φ̃Ga
µν O(1,3)

qq = (q̄iγµτIqj)(q̄γµτIq)

tt̄ production

O(8,1)
qq = (q̄iγµλaqj)(q̄γµλaq) O(8,3)

qq = (q̄iγµλaτIqj)(q̄γµλaτIq)

O(8)
ut = (ūiγµλauj)(ūγµλau) O(8)

dt = (d̄iγµλadj)(ūγµλau)

O(1)
quS = (q̄ui)(ūjq) O(1)

qdS = (q̄di)(d̄jq)

O(1)
qtS = (q̄u)(ūq)

where q is the W momentum and cWL equals the CKM matrix element Vtb ≈ 1 and cWR , dWL , dWR vanish
at the tree level in the SM. We have the modifications of these form factors from the four dimension-six
operators [33]:

δcWL = C(3)∗
φq

v2

Λ2
, δdWL =

√
2CdW

v2

Λ2
, (2.3)

δcWR =
1

2
C(3)∗

φφ

v2

Λ2
, δdWR =

√
2CuW

v2

Λ2
. (2.4)

In principle, the form factors should be functions of the momentum q. The additional q2 terms in the1

form factors will match to higher-dimensional operators (e.g. dimension-8 operators). Since there are2

two expansion parameters, v2/Λ2 and q2/Λ2, to use the effective operators, one needs to be cautious3

and should not have the momentum in the process to be above Λ as stressed in [30]. Existing collider4

studies on probing anomalous Wtb couplings in single top production can be found in [29].5

2.3 t Z, tγ and tg couplings1

The tt̄Z couplings are similar to those involving the W . The vertices take the form2

Lint ⊃ −
g

2 cW
t̄ γµ

(

cZLPL + cZLPR − 2 s2W Qt

)

t Zµ −
g

2 cW
t̄
iσµνqν
MZ

(

dZV + idZAγ5
)

t Zµ , (2.5)

with Qt = 2/3 as the electric charge of the top quark and cW = cos θW . In the SM, the couplings are
cZL = 1, cZR = 0 and dZV,A = 0 at the tree level. The match to the dimension-six operators is given by

δcZL = Re
[

C(3)
φq − C(1)

φq

] v2

Λ2
, δdZV =

√
2Re [cWCuW − sWCuB ]

v2

Λ2
, (2.6)

δcZR = −Re [Cφu]
v2

Λ2
, δdWR =

√
2 Im [cWCuW − sWCuB ]

v2

Λ2
. (2.7)

For the tt̄γ couplings, the vertices are3

Lint ⊃ −eQt t̄γ
µt Aµ − e t̄

iσµνqν
mt

(dγV + idγAγ5) t Aµ . (2.8)
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HIGHER DIMENSION 
OPERATORS WITHOUT TOPS

• ttbar production is sensitive 
to New Physics that doesn’t 
directly involve tops. 

•We can probe corrections 
to gluon self-coupling, gluon-
Higgs, and gluon-γ/Z.

Figure 11: The Feynman diagrams for gg → tt̄ process. Diagram (a-c) are the SM amplitude. (d-h) are the
gtt vertex correction induced by OtG. (i) is the g3 vertex correction induced by OG. (j) is a ggtt interaction
from OtG, and (k) is a gg → h → tt process, induced by OφG.

Here θ is the angle between the gluon and top quark momenta in the center of mass frame; β ≡
√

1− 4m2

s is

the velocity of the top quark. Top quark pair production can be used to measure (or bound) the coefficients
of the operators OtG, OG and OφG. The operator OtG is also probed by Wt associated production, as
discussed above, and the operator OφG is probed by Higgs production [40].

Now we turn to consider the quark process qq̄ → tt̄. There are a large number of four-quark operators with
different chiral and flavor structures [2, 3, 37]. Here we consider all possible chirality and color structures.
In Ref. [3], only one generation is considered. When there are three generations, the quark field in these
operators can be of any generation. For example, (q̄iγµqj)(q̄γµq) and (q̄iγµq)(q̄γµqj) (superscripts i, j are
used to denote the first two generations) should be considered as different operators. The effect of some of
these operators are suppressed by the color structure or by the small quark mass. For example, (q̄iγµqj)(q̄γµq)
doesn’t interfere with the SM, because the t and t̄ form a color singlet; an operator like (q̄t)ε(q̄idj) doesn’t
interfere either, because it involves a left-handed and a right-handed down quark while the SM gdd̄ coupling
doesn’t change chirality.

14

In highlighted diagrams, 
operator doesn’t involve tops.

Table 1. Dimension-6 operators for tt̄ production, single t production, t decay, and tt production. The q and

u fields without flavor superscript are third generation, except for the neutral current and tt sections where i

and j run from 1-3. As usual, φ̃ = εφ∗.

Gluon operators that affect tt̄ production

OG = fABCGAν
µ GBρ

ν GCµ
ρ OG̃ = fABCG̃Aν

µ GBρ
ν GCµ

ρ

OφG = φ†φGA
µνG

Aµν OφG̃ = φ†φ G̃A
µνG

Aµν

OGB = GAν
µ G̃Aρ

ν BCµ
ρ

where q is the W momentum and cWL equals the CKM matrix element Vtb ≈ 1 and cWR , dWL , dWR vanish
at the tree level in the SM. We have the modifications of these form factors from the four dimension-six
operators [33]:

δcWL = C(3)∗
φq

v2

Λ2
, δdWL =

√
2CdW

v2

Λ2
, (2.3)

δcWR =
1

2
C(3)∗

φφ

v2

Λ2
, δdWR =

√
2CuW

v2

Λ2
. (2.4)

In principle, the form factors should be functions of the momentum q. The additional q2 terms in the1

form factors will match to higher-dimensional operators (e.g. dimension-8 operators). Since there are2

two expansion parameters, v2/Λ2 and q2/Λ2, to use the effective operators, one needs to be cautious3

and should not have the momentum in the process to be above Λ as stressed in [30]. Existing collider4

studies on probing anomalous Wtb couplings in single top production can be found in [29].5

2.3 t Z, tγ and tg couplings6

The tt̄Z couplings are similar to those involving the W . The vertices take the form7

Lint ⊃ −
g

2 cW
t̄ γµ

(

cZLPL + cZLPR − 2 s2W Qt

)

t Zµ −
g

2 cW
t̄
iσµνqν
MZ

(

dZV + idZAγ5
)

t Zµ , (2.5)

with Qt = 2/3 as the electric charge of the top quark and cW = cos θW . In the SM, the couplings are
cZL = 1, cZR = 0 and dZV,A = 0 at the tree level. The match to the dimension-six operators is given by

δcZL = Re
[

C(3)
φq − C(1)

φq

] v2

Λ2
, δdZV =

√
2Re [cWCuW − sWCuB ]

v2

Λ2
, (2.6)

δcZR = −Re [Cφu]
v2

Λ2
, δdWR =

√
2 Im [cWCuW − sWCuB ]

v2

Λ2
. (2.7)

For the tt̄γ couplings, the vertices are8

Lint ⊃ −eQt t̄γ
µt Aµ − e t̄

iσµνqν
mt

(dγV + idγAγ5) t Aµ . (2.8)

Here, the couplings dγV and dγA are related to the top quark magnetic and electric dipole moment,
respectively. The match to the dimension-six operators is given by

δdγV =

√
2

e
Re [cW CuB + sW CuW ]

vmt

Λ2
, δdγA =

√
2

e
Im [cW CuB + sW CuW ]

vmt

Λ2
. (2.9)
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NEUTRAL CURRENTS

•Neutral current decays of 
the top are very suppressed 
in the SM.

• E.g. BR(t→Zc)~10-13 by 
loop and GIM suppression.

• Can thus look for rare 
decays and rare single-top 
production.

Table 1. Dimension-6 operators for tt̄ production, single t production, t decay, and tt production. The q and

u fields without flavor superscript are third generation, except for the neutral current and tt sections where i

and j run from 1-3. As usual, φ̃ = εφ∗.

Neutral current top production and top decay

O(1)
φq = i(φ†Dµφ)(q̄iγµqj) Oφu = i(φ†Dµφ)(ūiγµuj)

OuB = (q̄iσµνuj)φ̃Bµν

where q is the W momentum and cWL equals the CKM matrix element Vtb ≈ 1 and cWR , dWL , dWR vanish
at the tree level in the SM. We have the modifications of these form factors from the four dimension-six
operators [33]:

δcWL = C(3)∗
φq

v2

Λ2
, δdWL =

√
2CdW

v2

Λ2
, (2.3)

δcWR =
1

2
C(3)∗

φφ

v2

Λ2
, δdWR =

√
2CuW

v2

Λ2
. (2.4)

In principle, the form factors should be functions of the momentum q. The additional q2 terms in the1

form factors will match to higher-dimensional operators (e.g. dimension-8 operators). Since there are2

two expansion parameters, v2/Λ2 and q2/Λ2, to use the effective operators, one needs to be cautious3

and should not have the momentum in the process to be above Λ as stressed in [30]. Existing collider4

studies on probing anomalous Wtb couplings in single top production can be found in [29].5

2.3 t Z, tγ and tg couplings6

The tt̄Z couplings are similar to those involving the W . The vertices take the form7

Lint ⊃ −
g

2 cW
t̄ γµ

(

cZLPL + cZLPR − 2 s2W Qt

)

t Zµ −
g

2 cW
t̄
iσµνqν
MZ

(

dZV + idZAγ5
)

t Zµ , (2.5)

with Qt = 2/3 as the electric charge of the top quark and cW = cos θW . In the SM, the couplings are
cZL = 1, cZR = 0 and dZV,A = 0 at the tree level. The match to the dimension-six operators is given by

δcZL = Re
[

C(3)
φq − C(1)

φq

] v2

Λ2
, δdZV =

√
2Re [cWCuW − sWCuB ]

v2

Λ2
, (2.6)

δcZR = −Re [Cφu]
v2

Λ2
, δdWR =

√
2 Im [cWCuW − sWCuB ]

v2

Λ2
. (2.7)

For the tt̄γ couplings, the vertices are8

Lint ⊃ −eQt t̄γ
µt Aµ − e t̄

iσµνqν
mt

(dγV + idγAγ5) t Aµ . (2.8)

Here, the couplings dγV and dγA are related to the top quark magnetic and electric dipole moment,
respectively. The match to the dimension-six operators is given by

δdγV =

√
2

e
Re [cW CuB + sW CuW ]

vmt

Λ2
, δdγA =

√
2

e
Im [cW CuB + sW CuW ]

vmt

Λ2
. (2.9)

To measure the tt̄γ couplings, it is important to know the SM next-to-leading order QCD corrections1

[5].2

– 5 –
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tt AND ttbar + HIGGS

• Another process heavily 
suppressed in the SM is tt  
production (distinct from 
ttbar).

• tt operators can also give 
ttbar correction, but this is 
color singlet, O(1/Λ4).

• ttbar-Higgs coupling 
modified at dimension-6.

Table 1. Dimension-6 operators for tt̄ production, single t production, t decay, and tt production. The q and

u fields without flavor superscript are third generation, except for the neutral current and tt sections where i

and j run from 1-3. As usual, φ̃ = εφ∗.

tt production and color singlet tt̄ production

O(1)
qqV = (q̄iγµqj)(q̄kγµql) O(3)

qq = (q̄iγµτIqj)(q̄kγµτIql)

O(1)
quV = (q̄iγµqj)(ūkγµul) O(1)

uuV = (ūiγµuj)(ūkγµul)

tt̄h coupling

O3φ = φ†φ φ̃ q̄ u

where q is the W momentum and cWL equals the CKM matrix element Vtb ≈ 1 and cWR , dWL , dWR vanish
at the tree level in the SM. We have the modifications of these form factors from the four dimension-six
operators [33]:

δcWL = C(3)∗
φq

v2

Λ2
, δdWL =

√
2CdW

v2

Λ2
, (2.3)

δcWR =
1

2
C(3)∗

φφ

v2

Λ2
, δdWR =

√
2CuW

v2

Λ2
. (2.4)

In principle, the form factors should be functions of the momentum q. The additional q2 terms in the1

form factors will match to higher-dimensional operators (e.g. dimension-8 operators). Since there are2

two expansion parameters, v2/Λ2 and q2/Λ2, to use the effective operators, one needs to be cautious3

and should not have the momentum in the process to be above Λ as stressed in [30]. Existing collider4

studies on probing anomalous Wtb couplings in single top production can be found in [29].5

2.3 t Z, tγ and tg couplings6

The tt̄Z couplings are similar to those involving the W . The vertices take the form7

Lint ⊃ −
g

2 cW
t̄ γµ

(

cZLPL + cZLPR − 2 s2W Qt

)

t Zµ −
g

2 cW
t̄
iσµνqν
MZ

(

dZV + idZAγ5
)

t Zµ , (2.5)

with Qt = 2/3 as the electric charge of the top quark and cW = cos θW . In the SM, the couplings are
cZL = 1, cZR = 0 and dZV,A = 0 at the tree level. The match to the dimension-six operators is given by

δcZL = Re
[

C(3)
φq − C(1)

φq

] v2

Λ2
, δdZV =

√
2Re [cWCuW − sWCuB ]

v2

Λ2
, (2.6)

δcZR = −Re [Cφu]
v2

Λ2
, δdWR =

√
2 Im [cWCuW − sWCuB ]

v2

Λ2
. (2.7)

For the tt̄γ couplings, the vertices are8

Lint ⊃ −eQt t̄γ
µt Aµ − e t̄

iσµνqν
mt

(dγV + idγAγ5) t Aµ . (2.8)

Here, the couplings dγV and dγA are related to the top quark magnetic and electric dipole moment,
respectively. The match to the dimension-six operators is given by

δdγV =

√
2

e
Re [cW CuB + sW CuW ]

vmt

Λ2
, δdγA =

√
2

e
Im [cW CuB + sW CuW ]

vmt

Λ2
. (2.9)
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CP IN TOPS FROM NEW 
PHYSICS

• CP-violation in SM top 
sector small because large 
mt means large GIM-
suppression.

•Would be clear signal of 
New Physics.

•Operators at right only 
interfere with SM when top 
spin taken into account (TN- 
Theorem*).

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

CP-odd operators that contribute 
at O(1/Λ2)

15 *Atwood et al. hep-ph/0006032
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SPIN POLARIZATION & 
CORRELATION*

• Top spin can reveal more 
than CP-violating NP

• Single top polarization can 
reveal e.g. new chiral 
coupling in production.

• ttbar spin correlation matrix 
has particular form dictated 
by C, P, and CP symmetries 

*Frederix & Maltoni 0712.2355, MB & Tweedie 1212.4888
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FIG. 12: Slope of the total spin correlation shift, defined in Eq. 20, with respect to a CMDM

(left) or a CEDM (right) in gg → tt̄. The correlation is expanded to linear order in µ × mt or

d ×mt, respectively. Plotted versus top production angle and squared-velocity in the partonic CM

frame. (Dashed line indicates pT = mt.) High-valued contours have been cut off due to the formal

divergence at high-β2 .

They are fairly well-behaved over much of the phase space, though there is a formal diver-

gence as β2 → 1 at intermediate production angles due to the growth of the dimension-five

interaction strength with energy.8 Thinking of boosted tops as approximately chiral quarks,

QCD dominantly produces same-spin (opposite-helicity) tops, whereas inserting a single

dipole operator leads to top production with dominantly opposite-spin (same-helicity). The

interference between these different, purely chiral, spin channels is entirely localized in the

xz and yz off-diagonal parts of the correlation matrix, and these are the sources of the di-

vergences. Interference effects in the rest of the correlation matrix are everywhere finite, as

one of the processes must sacrifice an mt/E-suppressed helicity-flip.9 In practice, much of

8 This divergence is an artifact of our linear approximation of the new physics. Adding in the full dipole

dependence regulates it, but effects sensitive to higher orders in the dipole could also receive corrections

from even higher-dimensional operators. Thus, the specific form of the correlations at very high velocity

is more model-dependent. Nonetheless, these effects are not immediately visible, due to the rapidly-falling

PDF’s.
9 The same effect occurs in the total rate interference, which is entirely due to the CMDM. While the

interference would naively grow with energy, one of the interfering amplitudes must undergo a helicity-

flip. This prevents the rate interference from blowing-up at high tt̄ invariant mass. Indeed, the rate

interference is a rather mild function of the tops’ production angle and velocity, typically giving a fractional

22

Phase space dependence of total ttbar spin correlation 
shift in the presence of chromomagnetic (L) and 

chromoelectric (R) dipole moments.  Respectively the 
real and imaginary coefficients of OuG
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TESTS BEYOND THE LHC & 
TEVATRON

• Some dimension-6 operators affecting top physics have prefactors         
O(v2/Λ2).

• Thus, we don’t necessarily gain sensitivity by going to higher energies.

• Some constraints beyond high-pT hadron colliders:†

• Gauge invariance lets us use constraints on b-quarks, precision 
electroweak, B→Xsγ, and B-Bbar mixing

• ZEUS searches for tcγ, tuγ, tcZ, tuZ couplings

• Best limit on top chromo-EDM (10-4/mt) from neutron and Hg EDMs.*

*Kamenik et al. 1107.3143
17

†See Zhang et al. 1201.6670
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CONCLUSIONS

• Couplings of top quarks give us a useful test of the SM and a probe for 
New Physics

• Parametrizing New Physics is best done with effective operators (manifest 
hierarchy, symmetry, consistency)

• In some cases tops will help us constrain non-top operators

• Can go beyond picture here with new fields (e.g. WIMP dark matter) or 
d>6-operators (e.g. 4-top final states)

• Observables that use tops’ spin give us another (or the only) handle.

18
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BACKUP SLIDES
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TN-THEOREM*

• TN refers to “naive” time reversal:

• Reverse spins and momenta

• Don’t exchange initial and final states

• In the absence of final state rescattering, CPT = CPTN.  Wanting to 
observe interference of CP-odd NP with the CP-even SM requires a TN-
odd observable.

• TN-odd → Levi-Civita εμνρσ, 2-to-2 process →only 3 independent 
momenta, → top spin needed in observable. 

*Atwood et al. hep-ph/0006032 20
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