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Top quark electroweak couplings

3

New physics may modify the electro-weak ttX vertex described in the SM

e+e- colliders allow to probe these vertices directly. The leading-order process e+e- → tt goes 
directly through the ttZ and ttγ vertices 

➡ X = Z, γ
➡ V = Vector coupling
➡ A = Axial coupling/γ

The structure of the ttX vertex for on-shell t and t and off-shell γ, Z is:Using Gordon identities we can cast Eq. (1) into the equally familiar form⇤
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The form factors eFX

i and FX
i that appear in Eqs. 1 and 2 are related via
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Within the Standard Model the F1 have the following tree-level values:
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where sW and cW are the sine and the cosine of the weak mixing angle ✓W . The
chirality-flipping form factors F2 are zero at tree level. As in any renormalizable
theory they must be loop-induced. At zero momentum transfer F �

2V (0) is related via
F �
2V (0) = Qt(gt � 2)/2 to the anomalous magnetic moment of the top quark, where

Qt denotes its electrical charge in units of e.
In this paper we focus on the form factors FX

2A that violate the combined charge
and parity symmetry CP. The electric dipole moment of the top quark is determined
by F �

2A for an on-shell photon at zero momentum transfer, d�t = �(e/2mt)F
�
2A(0).

In analogy to this relation one may define an electric dipole form factor (EDF) and
a weak dipole form factor (WDF) for on-shell t, t̄ but o↵-shell �, Z:

dXt (s) = � e

2mt
FX
2A(s) , X = �, Z, (5)

where s = k2. For o↵-shell gauge bosons these form factors are in general gauge-
dependent. However, within the two SM extensions that will be discussed in the
next section, the dXt (s) are gauge-invariant to one-loop approximation. This may
justify their use in parameterizing possible CP-violating e↵ects in tt̄ production.

Finally we note that new physics e↵ects are often described in the framework of
e↵ective field theory (EFT) by anomalous couplings, i.e., constants. The ‘couplings’
d�t and dZt can be related to the coe�cients of certain dimension-six operators; cf., for
instance, Ref.[15]. However, by using EFT for describing new physics one assumes
that there is a gap between the typical energy scale of the process under consideration
(
p
s in our case) and the scale of new physics. This is not the case for the models

that we consider in the next section. In particular, in the kinematic domain that we
are interested in, the d�t and dZt show a non-negligible dependence on

p
s and can

develop absorptive parts, that is, become complex.

3 CP-violation in SM extensions

In the SM, where CP violation is induced by the Kobayashi-Maskawa (KM) phase
in the charged weak current interactions, resulting CP e↵ects in flavor-diagonal am-
plitudes are too small to be measurable in e+e� ! tt̄ [9]. Sizeable CP-violating

⇤We use �5 = i�0�1�2�3 and �µ⌫ = i
2 (�µ�⌫ � �⌫�µ).
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CP-conserving couplings
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CP-conserving couplings
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Sizeable CP-violting effects involving top quarks may be observed in SM extensions, in particular 
we consider the 2HDM and MSSM 

The CP-violating form factors in the t → Wb decay amplitude are very small and of no further 
interest to us here  

FX2A are zero at tree level in the SM

Electric dipole form factor (EDF) and a weak dipole form factor (WDF) 

CP-violating couplings can have abortive parts, i.e., imaginary parts, then 
4 CP-violating form factors can be extracted.

We compute the reactions (8) - (10) at tree level, both in the SM and with non-
zero CP-odd form factors F �,Z

2A , taking the polarizations and spin correlations of the
intermediate t and t̄ into account. As discussed in the previous section these form
factors can have imaginary parts. Non-zero real parts ReF �,Z

2A (s) induce a di↵er-
ence in the t and t̄ polarizations orthogonal to the scattering plane of the reaction.
Non-zero absorptive parts, ImF �,Z

2A (s), lead to a di↵erence in the t and t̄ polariza-
tions along the top-quark direction of flight and along the direction of the electron
or positron beam. At the level of the intermediate t and t̄ these e↵ects manifest
themselves in non-zero expectation values of the following CP-odd observables:

⇣
p̂+ ⇥ k̂t

⌘
· (st � st̄) , k̂t · (st � st̄) , p̂+ · (st � st̄) , (11)

where st and st̄ denote the spin operators of t and t̄, respectively and hats denote unit
vectors. In (11) two-body kinematics is used, i.e., kt̄ = �kt. The expectation value
of the observable on the left-hand side of Eq. (11) depends on ReF �,Z

2A , while the
expectation values of the other two observables depend on ImF �,Z

2A . Each observable
listed in (11) is the di↵erence of two terms that involve the t and t̄ spin, respectively.
The term that contains the t (t̄) spin can be translated, at the level of the lepton
plus jets final states, into a correlation that involves the `+ (`�) direction of flight.
This is the most e�cient way to analyze the t (t̄) spin. These correlations can be
measured with the `+ + jets and `� + jets events (9) and (10), respectively.

Based on these considerations, so-called optimal observables [11], i.e., observables
with a maximal signal-to-noise ratio to a certain parameter appearing in the squared
matrix element, were constructed in Ref. [13] for tracing CP violation in the lepton
plus jets final states (9) and (10). These optimal observables are, in essence, given
by those parts of the squared matrix element that are linear in the CP-violating
form factors ReF �,Z

2A or ImF �,Z
2A . One may simplify these expressions and use for the

final states (9) the following two observables [13] that are nearly optimal:

ORe
+ = (q̂X̄ ⇥ q̂⇤

+) · p̂+ , (12)
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+ = �[1 + (

p
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p
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The corresponding observables O
�

for the final states (10) are defined to be
the CP image of O+ and are obtained from O+ by the substitutions q̂X̄ ! �q̂X ,
q̂⇤

+ ! �q̂⇤

�

, p̂+ ! p̂+. The unit vectors q̂⇤

±

refer to the `± directions of flight
defined in the t and t̄ rest frame, respectively. The di↵erences of the expectation
values of O+ and O

�

that we consider in the next section probe for CP-violating
e↵ects.

At this point the following remark is in order. As discussed in Section 3.3, non-
standard CP-violating interactions can induce, besides CP violation in tt̄ production,
also anomalous couplings in the t ! W+b and t̄ ! W�b̄ decay amplitudes. However,
observables such as (12) and (13) and their CP images, where the t and t̄ spins are
analyzed by charged lepton angular correlations, are insensitive to these anomalous
couplings, as long as one uses the linear approximation [43, 51, 52] which is legitimate
here. This justifies the parametrization of the CP asymmetries hO+i � hO

�

i solely
in terms of F �,Z

2A .

11

We compute the reactions (8) - (10) at tree level, both in the SM and with non-
zero CP-odd form factors F �,Z

2A , taking the polarizations and spin correlations of the
intermediate t and t̄ into account. As discussed in the previous section these form
factors can have imaginary parts. Non-zero real parts ReF �,Z

2A (s) induce a di↵er-
ence in the t and t̄ polarizations orthogonal to the scattering plane of the reaction.
Non-zero absorptive parts, ImF �,Z

2A (s), lead to a di↵erence in the t and t̄ polariza-
tions along the top-quark direction of flight and along the direction of the electron
or positron beam. At the level of the intermediate t and t̄ these e↵ects manifest
themselves in non-zero expectation values of the following CP-odd observables:

⇣
p̂+ ⇥ k̂t

⌘
· (st � st̄) , k̂t · (st � st̄) , p̂+ · (st � st̄) , (11)

where st and st̄ denote the spin operators of t and t̄, respectively and hats denote unit
vectors. In (11) two-body kinematics is used, i.e., kt̄ = �kt. The expectation value
of the observable on the left-hand side of Eq. (11) depends on ReF �,Z

2A , while the
expectation values of the other two observables depend on ImF �,Z

2A . Each observable
listed in (11) is the di↵erence of two terms that involve the t and t̄ spin, respectively.
The term that contains the t (t̄) spin can be translated, at the level of the lepton
plus jets final states, into a correlation that involves the `+ (`�) direction of flight.
This is the most e�cient way to analyze the t (t̄) spin. These correlations can be
measured with the `+ + jets and `� + jets events (9) and (10), respectively.

Based on these considerations, so-called optimal observables [11], i.e., observables
with a maximal signal-to-noise ratio to a certain parameter appearing in the squared
matrix element, were constructed in Ref. [13] for tracing CP violation in the lepton
plus jets final states (9) and (10). These optimal observables are, in essence, given
by those parts of the squared matrix element that are linear in the CP-violating
form factors ReF �,Z

2A or ImF �,Z
2A . One may simplify these expressions and use for the

final states (9) the following two observables [13] that are nearly optimal:

ORe
+ = (q̂X̄ ⇥ q̂⇤

+) · p̂+ , (12)

OIm
+ = �[1 + (

p
s

2mt
� 1)(q̂X̄ · p̂+)

2]q̂⇤

+ · q̂X̄ +

p
s

2mt
q̂X̄ · p̂+q̂

⇤

+ · p̂+ . (13)

The corresponding observables O
�

for the final states (10) are defined to be
the CP image of O+ and are obtained from O+ by the substitutions q̂X̄ ! �q̂X ,
q̂⇤

+ ! �q̂⇤

�

, p̂+ ! p̂+. The unit vectors q̂⇤

±

refer to the `± directions of flight
defined in the t and t̄ rest frame, respectively. The di↵erences of the expectation
values of O+ and O

�

that we consider in the next section probe for CP-violating
e↵ects.

At this point the following remark is in order. As discussed in Section 3.3, non-
standard CP-violating interactions can induce, besides CP violation in tt̄ production,
also anomalous couplings in the t ! W+b and t̄ ! W�b̄ decay amplitudes. However,
observables such as (12) and (13) and their CP images, where the t and t̄ spins are
analyzed by charged lepton angular correlations, are insensitive to these anomalous
couplings, as long as one uses the linear approximation [43, 51, 52] which is legitimate
here. This justifies the parametrization of the CP asymmetries hO+i � hO

�

i solely
in terms of F �,Z

2A .

11



Ignacio Garcia Garcia - ignacio.garcia@ific.uv.es

Within the MSSM the top-quark EDF and WDF are smaller, with maximum values compatible with 
current experimental constraints below 10−3 

CP-violation in SM extensions
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Figure 1: Left panel: The real part of the top-quark EDF F �
2A (solid, black) and

WDF FZ
2A (dashed, blue), evaluated with the couplings of Table 1 and neutral Higgs-

boson masses m1 = 125 GeV, m2 = 1200 GeV, and m3 = 600 GeV, as a function
of the c.m. energy. Right panel: The same for the imaginary part of the top-quark
EDF and WDF.

Table 2: Values of the real and imaginary parts of the top-quark EDF and WDF
for two c.m. energies. Input parameters are as in Fig. 1.

p
s [GeV] Re F �

2A Re FZ
2A Im F �

2A Im FZ
2A

380 8.1⇥ 10�3 2.9⇥ 10�3 1.3⇥ 10�2 3.8⇥ 10�3

500 �0.6⇥ 10�3 0.7⇥ 10�6 7.8⇥ 10�3 2.2⇥ 10�3

c.m. energies
p
s & 500 GeV the contributions from h2, h3 to the real parts of the

form factors may no longer be negligible. We find that the real parts of the EDF
and WDF at

p
s = 500 GeV depend, for fixed Higgs-boson couplings, sensitively

on the masses of h2, h3, but do not exceed 10�3 in magnitude for the couplings of
Table 2.

As mentioned above, the formulas of [18] apply to any type of 2HDM where
tree-level FCNC are absent. In fact, the results shown in Fig. 1 and given in Table 2
apply also to other types of 2HDM in the low tan � region; for instance, to the
type-I model where all right-chiral quarks and charged leptons are coupled to the
Higgs doublet �2 only, or to the so-called lepton specific model where the right-chiral
quarks (right-chiral charged leptons) are coupled to �2 (�1) only.

In summary, within the 2HDM the real and imaginary part of the top-quark
electric dipole form factor F �

2A can be as large as ⇠ 0.01 in magnitude near the tt̄
production threshold, taking into account the present constraints from LHC data.

3.2 The minimal supersymmetric SM extension

The Higgs sector of the MSSM corresponds to a type-II 2HDM. Supersymmetry
(SUSY) forces the tree-level Higgs potential V (�1,�2) of the MSSM to conserve
CP. Nevertheless, the MSSM contains in its general form many CP-violating phases
besides the KM phase, especially in the supersymmetry-breaking terms of the model,
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p
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Figure 1: Left panel: The real part of the top-quark EDF F �
2A (solid, black) and

WDF FZ
2A (dashed, blue), evaluated with the couplings of Table 1 and neutral Higgs-

boson masses m1 = 125 GeV, m2 = 1200 GeV, and m3 = 600 GeV, as a function
of the c.m. energy. Right panel: The same for the imaginary part of the top-quark
EDF and WDF.
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The CP-violating effects in e+e− → tt  ̄manifest themselves in specific top-spin effects, namely CP-odd 
top spin-momentum correlations and tt  ̄spin correlations.  

Optimal CP-odd observables
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the top-quark EDF and WDF are smaller, with maximum values compatible with
current experimental constraints below 10�3. The CP-violating form factors in the
t ! Wb decay amplitude that can be generated within the 2HDM or the MSSM
are very small and of no further interest to us here. Moreover, we recall that within
the 2HDM there are no CP-violating box contributions to the e+e� ! tt̄ amplitude
to one-loop approximation if the electron mass is neglected. These results motivate
the use of the parametrization of Eq. (1) in the simulations of the following sections.

4 Optimal CP-odd observables

As demonstrated in Ref. [1], at a future linear e+e� collider precise measurements
of the tt̄ cross-section and the top-quark forward-backward asymmetry for two dif-
ferent beam polarizations allow to extract the top-quark CP-conserving electroweak
form factors with a precision that exceeds that of the HL-LHC. In this section the
prospects for the CP-violating form factors F �,Z

2A are investigated, as an extension
of the previous study. The CP-violating e↵ects in e+e� ! tt̄ manifest themselves
in specific top-spin e↵ects, namely CP-odd top spin-momentum correlations and tt̄
spin correlations. If one considers the dileptonic decay channels, tt̄ ! `+`0� + ...,
then is is appropriate to consider CP-odd dileptonic angular correlations [12], which
e�ciently trace CP-odd tt̄ spin correlations. We recall the well-known fact that the
charged lepton in semi-leptonic t or t̄ decay is by far the best analyzer of the top spin.
Here we consider tt̄ decay to lepton plus jets final states which yield more events
than the dileptonic channels and, moreover, allow for a straightforward experimental
reconstruction of the t and t̄ rest frames. For these final states the most e�cient way
to probe for CP-violating e↵ects in tt̄ production is to construct observables that
result from t and t̄ single-spin momentum correlations, that is, from correlations
which involve only the spin of the semi-leptonically decaying t or t̄. Here, we adopt
the observables proposed in [13] for detecting these correlations in lepton plus jets
final states.

We consider in the following the production of a top quark pair via the collision
of longitudinally polarized electron and positron beams:

e+(p+, Pe+) + e�(p
�

, Pe�) ! t(kt) + t̄(kt̄) . (8)

Here p
±

and kt,kt̄ denote the e±, t, and t̄ three-momenta in the e+e� c.m.
frame. The spin degrees of freedom of the t and t̄ are not exhibited. Moreover, Pe�

(Pe+) is the longitudinal polarization degree of the electron (positron) beam. In our
notation, Pe� = +1 (Pe+ = +1) refers to right-handed electrons (positrons). For
our purpose the most useful final states are, as mentioned, the lepton plus jets final
states from semi-leptonic t decay and hadronic t̄ decay and vice versa:

t t̄ ! `+(q+) + ⌫` + b+Xhad(qX̄) , (9)

t t̄ ! Xhad(qX) + `�(q
�

) + ⌫̄` + b̄ , (10)

where the three-momenta in (9) and (10) also refer to the e+e� c.m. frame.
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CP-odd observables are defined with the four momenta available in tt semi-leptonic decay channel

The way to extract the CP-violating form factors is to construct asymmetries sensitive to CP-violation 
effects, as the difference of the expectation values of O+ and O-

6.3. Observables 102

semi-leptonic t decay and hadronic ¯t decay and vice versa:

t ¯t ! `+(q+) + ⌫` + b + Xhad(qX̄), (6.11)

t ¯t ! Xhad(qX) + `�
(q�) + ⌫̄` +

¯b , (6.12)

where the 3-momenta in Equations 6.10 - 6.12 refers to the e+e� center-of-mass
frame.

The observables must be chosen to be functions of the available four momenta at
t¯t events, as the directions of the hadronic system from top decay, the charged lepton
momentum, of the e+ beam direction and the center-of-mass

p
s, taking the following

form:

ORe
+ = (q̂⇤

+ ⇥ q̂X̄) · ê+ (6.13)

OIm
+ = �[1 + (

p
s

2mt
� 1)(q̂X̄ · ê+)

2
]q̂⇤

+ · q̂X̄ +

p
s

2mt
q̂X̄ · ê+q̂⇤

+ · ê+ (6.14)

where mt is the top mass. O� observables are defined to be the CP image of O+

and are obtained by the substitutions q̂X̄ ! �q̂X , q̂⇤
+ ! �q̂⇤

�, ê+ ! ê+ from O+.
The way to extract F �,Z

2A form factors is to construct asymmetries. An example is
the asymmetry of the lepton with respect to the production plane [118] which is the
difference of the expectation values:

A = hO+(s, q̂⇤
+, q̂X̄ , ê+)i � hO�(s, q̂⇤

�, q̂X , ê+)i (6.15)

The resulting asymmetries ARe, AIm are sensitive to CP-violation effects in the
t¯t production amplitude through the contributions of Re[F �,Z

2A ] and Im[F �,Z
2A ] respec-

tively. Equations 6.16 and 6.17 are a reasonable approximation to write these relations
[123].

ARe
�,Z = hORe

+ i � hORe
� i = c� [pRe(F �

2A) + KZRe(FZ
2A)] (6.16)

AIm
�,Z = hOIm

+ i � hOIm
� i = d� [Im(F �

2A) + pKZIm(FZ
2A)] (6.17)

The coefficients d� and c� depend on the specific decay channel and the energy
of the process3. Measuring these asymmetries for both incoming beam polarizations
one can double the number of observables from two to four and can very easily isolate
each F �,Z

2A term by solving a trivial system of linear equations.

3For t¯t semi-leptonic decays and a center-of-mass energy of 500 GeV, the coefficients take the
values: c� = 0.35, KZ = �0.6 and considering d� ⇠ c� = 0.35 [123].
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positrons is not CP-symmetric. The distributions of OIm
+ are distorted in the same

way as those of OIm
�

. Therefore, the e↵ect of initial-state polarization is expected
to cancel in the di↵erence of both observables.

Asymmetries A can be defined [13] as the di↵erence of the expectation values
hO+i and hO

�

i:
A = hO+(s, q̂

⇤

+, q̂X̄ , p̂+)i � hO
�

(s, q̂⇤

�

, q̂X , p̂+)i . (14)

The asymmetries ARe,AIm are sensitive to CP violation e↵ects in the tt̄ produc-
tion amplitude through the contributions of ReF �,Z

2A and ImF �,Z
2A , respectively:

ARe = hORe
+ i � hORe

�

i = c�(s)ReF
�
2A + cZ(s)ReF

Z
2A , (15)

AIm = hOIm
+ i � hOIm

�

i = c̃�(s)ImF �
2A + c̃Z(s)ImFZ

2A . (16)

The values of these coe�cients depend on the polarizations Pe� and Pe+ . In our
approach, where we normalize the expectation values hOi by the SM cross section
(that is, neglecting the contributions bilinear in the CP-violation form factors), the
asymmetries ARe,AIm are strictly linear in the form factors. Analytical expressions
for the coe�cients c�(s), cZ(s), c̃�(s) and c̃Z(s) of relations 15 and 16 for arbitrary
beam polarization are given in the Appendix. Values for 100% polarization are given
in Tables 3 and 4, using mt = 173.34 GeV, mZ = 91.1876 GeV, mW = 80.385 GeV,
and sin2 ✓W = 1�m2

W/m2
Z .

Table 3: The values of the coe�cients on the right-hand sides of the asymme tries
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We compute the reactions (8) - (10) at tree level, both in the SM and with non-
zero CP-odd form factors F �,Z

2A , taking the polarizations and spin correlations of the
intermediate t and t̄ into account. As discussed in the previous section these form
factors can have imaginary parts. Non-zero real parts ReF �,Z

2A (s) induce a di↵er-
ence in the t and t̄ polarizations orthogonal to the scattering plane of the reaction.
Non-zero absorptive parts, ImF �,Z

2A (s), lead to a di↵erence in the t and t̄ polariza-
tions along the top-quark direction of flight and along the direction of the electron
or positron beam. At the level of the intermediate t and t̄ these e↵ects manifest
themselves in non-zero expectation values of the following CP-odd observables:

⇣
p̂+ ⇥ k̂t

⌘
· (st � st̄) , k̂t · (st � st̄) , p̂+ · (st � st̄) , (11)

where st and st̄ denote the spin operators of t and t̄, respectively and hats denote unit
vectors. In (11) two-body kinematics is used, i.e., kt̄ = �kt. The expectation value
of the observable on the left-hand side of Eq. (11) depends on ReF �,Z

2A , while the
expectation values of the other two observables depend on ImF �,Z

2A . Each observable
listed in (11) is the di↵erence of two terms that involve the t and t̄ spin, respectively.
The term that contains the t (t̄) spin can be translated, at the level of the lepton
plus jets final states, into a correlation that involves the `+ (`�) direction of flight.
This is the most e�cient way to analyze the t (t̄) spin. These correlations can be
measured with the `+ + jets and `� + jets events (9) and (10), respectively.

Based on these considerations, so-called optimal observables [11], i.e., observables
with a maximal signal-to-noise ratio to a certain parameter appearing in the squared
matrix element, were constructed in Ref. [13] for tracing CP violation in the lepton
plus jets final states (9) and (10). These optimal observables are, in essence, given
by those parts of the squared matrix element that are linear in the CP-violating
form factors ReF �,Z

2A or ImF �,Z
2A . One may simplify these expressions and use for the

final states (9) the following two observables [13] that are nearly optimal:

ORe
+ = (q̂X̄ ⇥ q̂⇤

+) · p̂+ , (12)

OIm
+ = �[1 + (

p
s

2mt
� 1)(q̂X̄ · p̂+)

2]q̂⇤

+ · q̂X̄ +

p
s

2mt
q̂X̄ · p̂+q̂

⇤

+ · p̂+ . (13)

The corresponding observables O
�

for the final states (10) are defined to be
the CP image of O+ and are obtained from O+ by the substitutions q̂X̄ ! �q̂X ,
q̂⇤

+ ! �q̂⇤

�

, p̂+ ! p̂+. The unit vectors q̂⇤

±

refer to the `± directions of flight
defined in the t and t̄ rest frame, respectively. The di↵erences of the expectation
values of O+ and O

�

that we consider in the next section probe for CP-violating
e↵ects.

At this point the following remark is in order. As discussed in Section 3.3, non-
standard CP-violating interactions can induce, besides CP violation in tt̄ production,
also anomalous couplings in the t ! W+b and t̄ ! W�b̄ decay amplitudes. However,
observables such as (12) and (13) and their CP images, where the t and t̄ spins are
analyzed by charged lepton angular correlations, are insensitive to these anomalous
couplings, as long as one uses the linear approximation [43, 51, 52] which is legitimate
here. This justifies the parametrization of the CP asymmetries hO+i � hO

�

i solely
in terms of F �,Z

2A .

11

The corresponding observables O- are defined to be the CP-image of O+
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Simulation samples (6f -> lepton+jets)

Parton level study for high-
energy operation
• MG5 aMC@NLO  
• Boosted top quarks 
• Detector resolution: smearing 

of the parton 4-vectors 

11

ILC@500GeV initial (ILD detector)
500fb-1, P(e-)=∓80%, P(e+)=∓30%  

ILC@500GeV nominal (ILD detector)
4ab-1, P(e-)=∓80%, P(e+)=∓30% 

CLIC@380GeV (CLIC_ILD detector)
500fb-1, P(e-)=∓80%  

Full simulation
• WHIZARD: event generation 
• GEANT4: detector simulation  
• Pandora PFOs 
• LCFIPlus: Heavy-flavour jets 

CLIC@3TeV 
   3ab-1, P(e-)=∓80% 
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Distributions are centered at zero 

Differences between reconstructed and 
generated events are very small. 

Any distortions in the reconstructed 
distributions are expected to cancel in 
the asymmetries ARe and AIm  

Asymmetries are compatible with zero 
within the statistical error

Full simulation: ILC@500GeV

12

11

The observables OIm
± consist of a sum of terms, two of which contain the factor

p
s. Therefore the402

coe�cients c̃�(s), c̃Z(s) that determine AIm grow with s for
p
s � 2mt. However this does not imply that403

this asymmetry has a significantly higher sensitivity than ARe to CP-violating e↵ects in tt̄ production at404

high energies, because the widths of the distributions of OIm
± grow accordingly.405

6 Full simulation: ILC at 500 GeV406

In this section we study the 500 GeV run of the ILC, assuming an integrated luminosity of 500 fb�1. The407

sample is divided into two beam-polarization configurations: the LR sample has -80% and +30% electron408

and positron polarization, respectively. In the RL sample the signs of both electron and positron polarization409

are inverted: the electron polarization is +80% and the positron polarization is -30%.410

The generated WHIZARD [55] Monte Carlo event sample includes all six-fermion processes that produce411

a lepton plus jets final state, e+e� ! bb̄l±⌫lqq̄. This includes top-quark pair production and a number of412

other processes that lead to the same final state, with the largest non-doubly-resonant contribution coming413

from single top production [56]. The events generated are restricted to the physics of the SM, hence the414

F �,Z
2A are set to zero. based on415
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Fig. 3: The CP-odd observables ORe,Im
± for the ILC at

p
s = 500 GeV. The four distributions correspond to the recon-

structed (solid) and true (dashed) distributions for two beam polarizations. The red histogram (e�L e+R) corresponds to -80%

electron polarization and +30% positron polarization, the black histogram (e�Re+L ) to +80% electron polarization and -30%
positron polarization. The histogram for the left-handed electron beam is normalized to unit area. The area of the histogram
for right-handed polarization is scaled so as to maintain the cross section ratios.

6.5. Theory and systematic uncertainties 111

fluctuations as pointed out in the Appendix B of [128].

Table 6.5: Reconstructed CP-violating asymmetries and statistical uncertainties for ILC atp
s = 500 GeV and CLIC at

p
s = 380 GeV.

ILC
p

s = 500 GeV, 500fb�1 [%]

P (e�
), P (e+

) ARe
�,Z AIm

�,Z

-0.8, +0.3 0.0053 ± 0.003 -0.0022 ± 0.003
+0.8, -0.3 0.0025 ± 0.004 -0.007 ± 0.004

CLIC
p

s = 380 GeV, 500fb�1 [%]

P (e�
), P (e+

) ARe
�,Z AIm

�,Z

-0.8, 0 -0.00006 ± 0.003 0.0004 ± 0.003
+0.8, 0 0.007 ± 0.004 -0.0019 ± 0.004

6.5 Theory and systematic uncertainties

The extraction of the form factors requires precise predictions of several quantities,
such as the top pair production rate or the forward-backward asymmetry. Theoreti-
cal uncertainties can significantly contribute to the precision of the the form factors
extraction. QCD and electro-weak corrections are reviewed in Reference [33]. Un-
certainties from QCD corrections are under relatively good control at N3LO level.
However the one-loop electro-weak corrections are still large and NNLO calculations
are needed to perform this measurement.

Additionally, there are several machine parameters that can be a source of system-
atic uncertainties, for instance the luminosity, the polarization or the beamstrahlung
must be controlled under half per cent level. The beam energy, luminosity and polar-
ization can be controlled to well beyond the required level. The luminosity spectrum
can be determined in situ to good precision using Bhabha events [129]. Reference
[33] summarizes the impact of these parameters as follows [...it can be concluded that
the total systematic uncertainties will not exceed the statistical uncertainties]. This
analysis furthermore requires an excellent control over experimental uncertainties such
as that on b-tagging, efficiency and the uncertainty due to t¯t modelling. While several
handles to control such uncertainties are available, a quantitative analysis has not yet
been performed.
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Systematic uncertainties

The determination of P(e-) and P(e+) at the 10-3 level (as envisaged in the  ILC TDR) does not lead to significant 
uncertainties in the form factor extraction 

The uncertainties of other machine parameters (luminosity or √s) have a negligible effect on the results  

Distortions and migrations on the distributions O+ and O- vanish in the asymmetry. Systematics effects at the level 
of 0.005 

Parton-level study: The selection tends to enhance the reconstructed asymmetry while the migration and 
resolution dilute it. This effect is particularly pronounced at 3TeV. 

Theory uncertainties are taken as the NLO SM corrections the tt production and decay including EDF and WDF 

Our study has not found any sources of systematic uncertainty that yield a spurious asymmetry when the true 
asymmetry is zero

13

Bias: upper limit 
Non-linearity: 
expected relative 
modification
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Prospects for CP-violating form factors

14

The measurements at hadron 
colliders are expected to be 
considerably less precise than those 
that can be made at lepton colliders  

Initial ILC and CLIC stages have a 
very similar sensitivity to these form 
factors, reaching limits of |F2Aγ |<0.01 
for the EDF  

Assuming that systematic 
uncertainties can be controlled to the 
required level, a luminosity upgrade of 
both machines may bring a further 
improvement 
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Phys.Rev.D73 (2006) 034016, Phys.Rev.D71 (2005) 054013

-1 = 14 TeV, L = 3000 fbsHL-LHC, 

-1 = 500 GeV, L = 500 fbsILC initial, 
-1 = 500 GeV, L = 4000 fbsILC nominal, 

-1 = 380 GeV, L = 500 fbsCLIC initial, 
-1 = 3 TeV, L = 3000 fbsCLIC, 
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Most relevant modifications

1. Addition of a new paragraph with detector details -> Balance theoretical and experimental 
content of the paper  

2. Modified the TESLA TDR luminosity to 300fb-1 instead of 500fb-1 

3. Table of systematic uncertainties and the table of the colliders prospects on the top quark 
form factors extraction have been properly modified 

4. Legend of the Manhattan plot (and in the overall text)  

• ILC (500fb-1) -> ILC initial 

• ILC (4ab-1) -> ILC nominal 

5. Other suggestions implemented from the feedback of the CLICdp reviewers 

15
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Full simulation: CLIC@380GeV

17
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Figure 3: The CP-odd observables ORe,Im
±

for CLIC at
p
s = 380 GeV. The four distribu-

tions correspond to the reconstructed and true distributions for two beam polarizations.
The red histogram (e�Le

+
0 ) corresponds to -80% electron polarization, the black histogram

(e�Re
+
0 ) to +80% electron polarization. The histogram for the left-handed electron beam is

normalized to unit area. The area of the histogram for right-handed polarization is �L/�R
so as to maintain the cross section ratios.

of b-jets to W-boson candidates leads to a slight broadening of the distribution.
The response of the experiment is the same for positively and negatively charged

leptons and for the hadronic top and anti-top quark decay products. Therefore,
experimental e↵ects generally respect the symmetry of the distribution and do not
generate spurious asymmetries. Any distortions in the reconstructed distributions
are expected to cancel in the asymmetries ARe and AIm. Indeed, we find that the
reconstructed asymmetries given in Table 5 are compatible with zero within the
statistical uncertainty.
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Full simulation: CLIC@1.4TeV

18
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Figure 5: The CP-odd observables ORe,Im
± for CLIC at

p
s = 1.4 TeV. The four distribu-

tions correspond to the reconstructed and true distributions for two beam polarizations.
Comment: the labeling of the e� polarizations in the two upper plots is incompatible with
the labeling in the two lower plots.

at high energy. On the other hand, the e↵ect of the acceptance on the central part of
the ORe

± distribution is more pronounced and so is the smearing of the distribution
by the energy resolution of the top quark. The bias of the true OIm

± distribution
is more pronounced than at lower energy. However, the reconstructed distribution
follows the true distribution very closely. In any case these e↵ects do not lead to a
spurious asymmetry, but do a↵ect the linearity of the reconstruction. This e↵ect is
discussed at a more quantitative level in the next Section.

We recall here that the observables (13) and (14) are approximations to the
rather unwieldy optimal observables listed in the appendix of Ref. [13]. If one uses
these observables instead of (13) and (14) the sensitivity to the CP-odd form factor
is expected to increase by approximately 30 percent.

18
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Prospects for CP-violating form factors

19

The 68% C.L. limits on F2AZ and F2Aγ

20

ATLAS has recently released two measurements of the decay of polarized top quarks in t-channel single-top643

production [87,50] and presented the 95% C.L. limit: Im(gR/VL) 2 [�0.18, 0.06]. Setting VL = Vtb ⇠ 1 this644

leads to a slightly tighter limit on the CP-violating dipole operators. The bands corresponding to both limits645

are drawn in Fig. 7, where the prospects listed Table 7 are also shown for comparison.646

Z
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Fig. 7: The 68% C.L. limits on Re FZ
2A and Re F �

2A derived from measurements of the Wtb vertex performed
by ATLAS and CMS during run I of the LHC. The prospects of future colliders are indicated for comparison.

Further indirect bounds can be extracted from data at lower energies. Ref. [90] used electroweak precision647

data to derive constraints on top-quark electroweak couplings, but CP-violating operators were not taken648

into account. Using in addition experimental upper bounds on the electric dipole moments of the neutron649

and atoms/molecules a powerful indirect constraint was derived in Ref. [91,92] on the static moment F �
2A650

of the top quark.651

11 Conclusions652

CP violation in the top-quark sector is relatively unconstrained by direct measurements. While the Standard653

Model predicts very small e↵ects, which are beyond the sensitivity of current and future colliders, sizeable654

e↵ects may occur within well-motivated extensions of the SM. We have updated, within the type-II two-655

Higgs-doublet model and the MSSM, the potential magnitude of CP violation in the top-quark sector, taking656

into account constraints of LHC measurements. The CP-violating top-quark form factors F �,Z
2A whose static657

limits are the electric and weak dipole moments of the top quark can be as large as 0.01 in magnitude in a658

viable 2HDM.659

We have investigated the prospects of detecting CP violation in tt̄ production at a future e+e� collider.660

The top spin-momentum correlations proposed in Ref. [16] for tt̄ decay to lepton plus jets final states were661

evaluated with a full simulation of polarized electron and positron beams including a detailed model of the662

detector response. Biases due to the selection and migrations in the distributions of observables ORe
± and663

OIm
± due to ambiguities in the reconstruction of the top-quark candidates were found to cancel in the CP664

17

Table 6: The main systematic uncertainties on the asymmetry ARe for left-handed polarized electron beam
(and right-handed positron beam in the case of 500 GeV operation). Entries labelled bias represent estimates
of upper bounds on systematic e↵ects that yield a spurious non-zero result in the Standard Model. Entries
labelled non-linearity represent systematic uncertainties that a↵ect the proportionality of the response to non-
zero values of the asymmetry (induced by physics beyond the Standard Model). Positive signs indicate e↵ects
that enhance the observed asymmetry. Negative signs corresponds to e↵ects that dilute the asymmetry.

source 380 GeV 500 GeV 3 TeV

machine parameters (bias) - - -
machine parameters (non-linearity) << 1% << 1% << 1%
experimental (bias) < 0.005 < 0.005 < 0.005
exp. acceptance (non-linearity) +3% +5% +10%
exp. reconstruction (non-linearity) -5% -5% -15%
theory (bias) << 0.001 << 0.001 << 0.001
theory (non-linearity) ± 2% ± 0.9% ± 0.5%

as the expected relative modification of the asymmetry, with the label “(non-linearity)”. Of course, these574

e↵ects can be corrected to a good extent using Monte Carlo simulation. The selection bias can moreover be575

reduced by comparing the measured and predicted results in an appropriate fiducial region.576

10 Prospects for CP-violating form factors577

The prospects for a measurement of the top-quark form factors F �,Z
2A are presented in Table 7. Rows two and578

three of the table show the result of our simulations described in the preceding sections for a 380 GeV stage579

of the Compact Linear Collider CLIC and a 500 GeV run at the International Linear Collider. In both cases580

an integrated luminosity of 500 fb�1 is assumed. We find that both projects have a very similar sensitivity581

to these form factors, reaching limits of |F �
2A| < 0.01 for the EDF. Assuming that systematic uncertainties582

can be controlled to the required level a luminosity upgrade of either of these machines may bring a further583

improvement. The fourth line of Table 7 shows the prospects for the ILC Luminosity Upgrade (LumiUp)584

scenario.585

Table 7: The expected standard deviations (68% C.L. limits) of CP-violating form factors derived from

the statistical precisions on the observables ORe,Im
± obtained in this work. The results are compared to

predictions in the literature, on the potential of the TESLA project [75], on the prospects at the (high-
luminosity) LHC [76,77,5,78], on the potential of a 100 TeV proton collider [79], and of the LHeC electron-
proton collider [80].

machine collision
p
s Lint Re F �

2A Re FZ
2A Im F �

2A Im FZ
2A

[TeV] [ab�1]

Prospects derived in this study:

CLIC initial e+e� 0.38 0.5 0.011 0.014 0.010 0.018
ILC nominal e+e� 0.5 0.5 0.004 0.005 0.004 0.007
ILC LumiUp e+e� 0.5 4 0.0014 0.0017 0.0014 0.002

CLIC (fast simulation) e+e� 3 3 0.002 0.002 0.003 0.006

Previous studies for lepton colliders:

TESLA (Aguilar et al. [75]) e+e� 0.5 0.3 0.007 0.008 0.008 0.010

Prospects for hadron colliders:

HL-LHC (Baur et al. [76,77]) pp 14 3 0.12 0.25 0.12 0.25
HL-LHC (Röntsch & Schulze [5]) pp 14 3 - 0.16 - -
FCChh (Mangano et al. [79]) pp 100 3 - 0.04 - -
LHeC (Bouzas et al. [80]) ep - 0.1 0.1 - - -
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Conclusions

Paper draft ready for circulation  

The CP-violating top-quark form factors F2Aγ,Z, whose static limits 
are the electric and weak dipole moment of the top quark can be as 
large as 0.01 in magnitude in a viable 2HDM 

Asymmetries ARe and AIm expected to be robust against 
ambiguities and good control over experimental and theoretical 
systematic uncertainties 

The sensitivity of a future e+e- collider to CP-violating dipole form 
factors of the top quark exceeds that of the complete LHC 
programme by an order of magnitude and that of the FCChh by a 
factor four

20


