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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

A parametrisation 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-violating couplings

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⇤
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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 .
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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
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CP. Nevertheless, the MSSM contains in its general form many CP-violating phases
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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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for two c.m. energies. Input parameters are as in Fig. 1.
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given masses. We found that

|Re F �
2A|, |Re FZ

2A| < 10�3 , |Im F �
2A|, |Im FZ

2A| < 10�4 for
p
s . 500 GeV. (8)

As mentioned above, a light top squark t̃1 with mass ⇠ 200 GeV and also a light
neutralino �̃0

1 is not yet excluded. In this case non-zero but small imaginary parts
are generated by the gluino and neutralino contribution to the EDF and WDF in
the considered range of c.m. energies.

In the case of the MSSM there are also CP-violating box contributions to e+e� !
tt̄ that involve neutralino (ẽ�̃0�̃0t̃) and chargino (⌫̃e�̃±�̃⌥b̃) exchanges in the one-
loop amplitudes. They are, as shown in [40, 46], in general not negligible compared
to the top-quark EDF and WDF contributions. We shall, however, refrain from
evaluating these box contributions, which goes beyond the scope of this paper. In
the simulations performed in Sec. 5 - 6 we shall stick to the parametrization (2) of
CP-violating e↵ects in tt̄ production in terms of the EDF and WDF.

3.3 CP-violating form factors in t ! Wb

So far, the only top-quark decay mode that has been observed is t ! Wb with
subsequent decay of the W boson into leptons or quarks. In the SM the branching
ratio of this decay is almost 100 percent. The decay amplitude for t ! W+b with
all particles on-shell can be parametrized in terms of two chirality-conserving and
two chirality-flipping form factors fL, fR and gL, gR, respectively; cf., for instance,
[12]. The measurements of these form factors [48, 49] are in agreement with the SM
predictions.

Let us denote the corresponding form factors in the charge-conjugate decay t̄ !
W�b̄ by f 0

i , g
0
i (i = L,R). CPT invariance implies that f ⇤

i = f 0
i and g⇤i = g0i. CP

invariance requires that the corresponding form factors are equal. These relations
imply the following: If final-state interactions can be neglected in top-quark decay,
then CP violation induces non-zero imaginary parts that are equal in magnitude
but di↵er in sign [12, 50]: Imf 0

i = �Imfi, Img0i = �Imgi, i = L,R.
In Ref. [50] the potential size of CP-violating (and CP-conserving) contributions

to the form factors in t ! Wb was investigated for several SM extensions. Within
the 2HDM it was found that |Imfi|, |Imgi| . 3⇥ 10�4 for tan � & 0.6. In the MSSM
the CP-violating e↵ects were found to be smaller by at least one order of magnitude.
The observables and and CP-violating asymmetries that we introduce in the next
section and in section 5 are insensitive to CP violation in top-quark decay. Therefore
we can neglect CP violation in top-quark decay in the following and parametrize CP
violation in tt̄ production with subsequent decay into lepton plus jets final states
solely by the top-quark EDF and WDF defined in Eq. (2). One may probe CP
violation in semi-leptonic t and t̄ decay with a CP-odd asymmetry constructed from
suitable triple product correlations [12, 43].

3.4 Synopsis

Let us summarize the discussion of the previous subsections. We analyzed the po-
tential size of CP-violating e↵ects in tt̄ production in e+e� collisions and subsequent
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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 .
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Coefficients cγ(s) and cZ(s) depend on the e- and e+ polarizations -> disentangle 
contributions of the CP-violating photon and Z vertices

The sensitivity of ARe/AIm to F2A increases strongly with the c.o.m. energy
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Simulation samples (6f -> lepton+jets)
Full simulation 

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

ILC LumiUp 4ab-1 

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

Loose timing cuts 

CLIC@1.4TeV (CLIC_ILD detector) -> Still preliminary
    1.5ab-1, P(e-)=∓80%  

Tight timing cuts,  

Efficiency inputs from top tagging studies 

Fast Simulation

CLIC@3TeV 
   3ab-1, P(e-)=∓80%  

   Extrapolate numbers from low-energy stages results
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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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Table 5: Reconstructed values of the CP-odd asymmetries from a Monte Carlo
simulation of CLIC ILD detector response to tt̄ events produced in electron-positron
collisions at

p
s = 380 GeV.

polarization e�L (Pe� = �0.8) e�R (Pe� = +0.8)
ARe -0.00006 ± 0.003 0.0072 ± 0.003
AIm 0.0004 ± 0.003 -0.0019 ± 0.003

7 Full simulation: ILC at 500 GeV

In this Section we study the 500 GeV run of the ILC, assuming an integrated lumi-
nosity of 500 fb�1. The sample is divided into two beam-polarization configurations:
the LR sample has -80% and +30% electron and positron polarization, respectively.
In the RL sample the signs of both electron and positron polarization are inverted:
the electron polarization is +80% and the positron polarization is -30%.

The generated events are processed with the ILD detector simulation software [61].
Reconstruction proceeds largely as described in Section 6. Because the �� !
hadrons background is less pronounced at the ILC, no timing and energy cuts are
applied to the particle-flow objects.

The reconstructed distributions of the observables ORe
+ and OIm

+ are compared to
the true distributions in Figure 4. The event selection has now a clear impact on the
distributions of ORe

±

. The dip in the central part of the reconstructed distributions
becomes more pronounced as the center-of-mass energy increases.

The distributions of OIm
±

exhibit an asymmetry due to the polarization. Again,
the reconstructed asymmetries are found to be compatible with zero within the
statistical uncertainty of 0.003.

8 High-energy operation

In this Section we study the potential of runs of the ILC energy upgrade to 1 TeV
and the high-energy stages of the CLIC programme that could reach 3 TeV.

The decay of boosted top quarks produces a topology [62] that is very di↵erent
from that of tt̄ events not too far away from the production threshold. Therefore,
the reconstruction of the 1-3 TeV collisions must be performed with an algorithm
specifically developed for high energy, where the collimated decay products of the
hadronic top quark are captured in a single large-R jet. In this reconstruction
scheme the combinatoric problem of pairing W -boson and b-tagged jets is entirely
avoided.

The �� ! hadrons background in multi-TeV collisions is much more severe than
at low energy. The reconstruction of boosted top quarks at CLIC was studied in
a detailed simulation, including realistic background levels in Ref. [?]. With tight
pre-selection cuts on the particle-flow objects and the robust algorithm of Ref. [59]
the top quark energy can be reconstructed very precisely. Also the jet mass and
other substructure observables can be reconstructed precisely, with much better
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Distributions are centered at 
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Systematic uncertainties

The SM values for ARe and AIm are 0 and the detector response is symmetric (equal for t and t) 

The uncertainties of machine parameters have a negligible effect on the results. Only the 
determination of P(e-) and P(e+) at the 10-3 level (as envisaged in the  ILC TDR) 

Distortions and migrations on the distributions O+ and O- don’t generate a non-zero asymmetry at 
least not 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
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Table 6: The main systematics evaluated for the asymmetry ARe for left-handed
polarized electron beam (and right-handed positron beam in the case of 500 GeV
operation).

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 (linearity) +3% +5% +10%
exp. reconstruction (linearity) -5% -5% -15%
theory (bias) << 0.001 << 0.001 << 0.001
theory (linearity) ± 2% ± 0.9% -

Theory uncertainties are estimated as follows. Radiative corrections to tt̄ pro-
duction in e+e� collision are known to high precision. The next-to-leading order
(NLO) QCD corrections have been known since a long time [68]. The NLO elec-
troweak corrections were determined in Refs.[69, 70, 71]. O↵-shell tt̄ production
and decay including non-resonant and interference contributions at NLO QCD were
investigated in Ref.[72]. The NNLO QCD corrections to tt̄ production, including
di↵erential distributions, were calculated in [73, 74]. Although not done in this work,
the coe�cients of ReF �,Z

2A and ImF �,Z
2A in the asymmetries of Equations (15) and (16)

can be computed at NLO in the SM couplings. We can then estimate the theory
uncertainties of these coe�cients as follows. The uncertainty of the tt̄ cross section
associated with renormalization scale variations in the range

p
s/2  µ  2

p
s is

at NLO (NNLO) QCD about 2% (1%) at
p
s = 380 GeV and ⇠ 0.9% (0.2%) atp

s = 500 GeV [74]. Assuming that the NLO SM corrections to the squared matrix
element including the EDF and WDF to tt̄ production and decay are known, we
take these NLO QCD values as theory uncertainties. They are labeled “theory (lin-
earity)” in Table 6. We believe that these uncertainty estimates are not unrealistic
because the uncertainties of these coe�cients are, in fact, associated with the expec-
tation values hORe

±

i, hOIm
±

i, which are ratios that are usually expanded in powers
of the SM couplings. QCD scale uncertainties of expanded ratios are in general
smaller than the scale uncertainty of the cross section. An example is the top-quark
forward-backward asymmetry At

FB which is known to NNLO QCD accuracy [73, 74].
The scale uncertainty of the expanded At

FB is below 0.5% at these c.m. energies [74].
The numbers in the row “theory (bias)” in Table 6 are a very conservative esti-

mate of CP-violating SM contributions induced by higher-order W -boson exchange
to e+e� ! tt̄. At one-loop in the electroweak couplings there are no CP-violating
SM contributions to this flavor-diagonal reaction. Beyond one loop the CP-violating
SM contributions to the asymmetries of Equations (15), (16) are smaller than
[g2W/(16⇡2)]2ImJ , where gW = e/ sin ✓W and ImJ is the imaginary part of a product
of four quark mixing-matrix elements which is invariant under phase-changes of the
quark fields. Its value is |ImJ | ⇠ 2⇥ 10�5.

The estimates of the systematic uncertainties on ARe for several center-of-mass
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Prospects for CP-violating form factors

14

]γ

2A
Re[F ]Z

2A
Re[F ]γ

2A
Im[F ]Z

2A
Im[F

U
nc
er
ta
in
ty

3−10

2−10

1−10

1
Phys.Rev.D73 (2006) 034016
Phys.Rev.D71 (2005) 054013

-1 = 14 TeV, L = 3000 fbsLHC, 

-1 = 500 GeV, L = 500 fbsILC, 
-1 = 500 GeV, L = 4000 fbsILC LumiUp, 

-1 = 380 GeV, L = 500 fbsCLIC, 
-1 = 3 TeV, L = 3000 fbsCLIC, 

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

Nominal ILC and the CLIC 
low-energy 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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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
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Prospects for CP-violating form factors

ReF2Agamma ReF2AZ ImF2Agamma ImF2AZ

CLIC@380 GeV    0,011            0,014       0,010     0,018 

CLIC@1.4 teV    0,002                    0,002       0,006     0,012 

CLIC@3 teV (1/2:1/2)   0,002                    0,002       0,003     0,006 

CLIC@3 teV (1/3:2/3)   0,002                    0,002       0,003     0,007 

CLIC@3 teV (2/3:1/3)   0,002                    0,003       0,004     0,007 

ILC@500 GeV    0,004                    0,005       0,004     0,007 

ILC-LumiUP@500 GeV  0,0014           0,0017       0,0014             0,002
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Full simulation: ILC@500GeV
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Figure 4: The CP-odd observables ORe,Im
±

for the ILC at
p
s = 500 GeV. The four dis-

tributions correspond to the reconstructed (solid) and true (dashed) distributions for two
beam polarizations. The red histogram (e�Le

+
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 nor-
malized to unit area. The area of the histogram for right-handed polarization is �LR/�RL

so as to maintain the cross section ratios.

resolution than at the LHC. As background processes have cross sections that are
similar to that of top quark production, it seems safe to assume that tt̄ events with
center-of-mass energies of 1-3 TeV can be e�ciently selected and distinguished from
background processes.

An evaluation of the e↵ect of a realistic reconstruction and selection on the opti-
mal observables is not yet available. We identify the main causes of distortion using
a fast simulation, where we apply representative cuts and smearing to particle-level
jets. The results confirm that indeed migrations due to Wb-pairing are absent. The
limited acceptance in the forward does shape the distributions significantly, more
so than in low-energy analysis. Also the finite energy resolution for the hadronic
top quark candidate, that is used to boost the lepton to the top quark system,
may lead to significant distortions of the reconstructed distribution. As for the low-
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Full simulation: CLIC@1.4TeV
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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.
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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, on the prospects at the (high-luminosity) LHC [75, 76, 77, 78],
on the potential of a 100 TeVproton collider [79], and of the LHeC electron-proton
collider [80].

Quantity Re F �
2A Re FZ

2A Im F �
2A Im FZ

2A

SM value at tree level 0 0 0 0
Prospects derived in this study:
CLIC low-energy stage (

p
s = 380 GeV, 500 fb�1)

CLIC380 0.011 0.014 0.010 0.018
ILC nominal operation (

p
s = 500 GeV, 500 fb�1)

ILC500 0.004 0.005 0.004 0.007
ILC Luminosity Upgrade (

p
s = 500 GeV, 4 ab�1)

ILC500LumiUp 0.0014 0.0017 0.0014 0.002
CLIC high energy (

p
s = 3 TeV, 3 ab�1)

CLIC3000 (fast simulation) 0.002 0.002 0.003 0.006
Previous studies for lepton colliders:
Aguilar et al. [81] (e+e�,

p
s = 500 GeV, 500 fb�1)

TESLA 0.007 0.008 0.008 0.010
Prospects for hadron colliders:
Baur et al. [75, 76] (pp, 3 ab�1 at 14 TeV)
HL-LHC 0.12 0.25 0.12 0.25
Röntsch & Schulze [77] (pp, 3 ab�1 at 14 TeV)
HL-LHC - 0.16 - -
Mangano et al. [79] (FCChh study, pp, 3 ab�1 at 13 TeV)
HL-LHC - 0.16 - -
Mangano et al. [79] (FCChh study, pp, 3 ab�1 at 100 TeV)
FCChh - 0.04 - -
Bouzas et al. [80] (LHeC, ep, 100 fb�1 with Ee = 140 GeV)
LHeC 0.1 - - -

pared to our results for the nominal ILC and the CLIC low-energy stage in Figure 5.
Clearly, the measurements at hadron colliders are expected to be considerably less
precise than those that can be made at lepton colliders, even after completion of the
full LHC programme, including the planned luminosity upgrade.

Furthermore, Table 7 summarizes the results of more recent studies of the po-
tential of hadron colliders. The chirality-flipping terms proportional to �µ⌫ in the
e↵ective Lagrangian used in Ref. [77] (cf. also Refs. [78, 79]) di↵er by a factor
2mt/mZ ⇠ 4 from our convention defined in Eq. (1). Thus the form factors F2A used
in this paper are related to the couplings C2A of Ref. [77] by F2A = C2A2mt/mZ .
The 95% C.L. limits on C2V/A given in Refs. [77, 78, 79] are translated into 68%
C.L. limits on F2V/A to facilitate comparison.
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Figure 6: The 68% C.L. limits on FZ
2A and 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.

ing in addition experimental upper bounds on the electric dipole moments of the neu-
tron and atoms/molecules a powerful indirect constraint was derived in Ref. [92, 93]
on the static moment F �

2A of the top quark.

11 Conclusions

CP violation in the top quark sector is relatively unconstrained by direct measure-
ments. While the Standard Model predicts very small e↵ects, which are beyond
the sensitivity of current and future colliders, sizeable e↵ects may occur within
well-motivated extensions of the SM. We have updated, within the type-II two-
Higgs-doublet model and the MSSM, the potential magnitude of CP violation in
the top quark sector, taking into account constraints of LHC measurements. The
CP-violating top-quark form factors F �,Z

2A 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.

We have investigated the prospects of detecting CP violation in tt̄ production at
a future e+e� collider. The top spin-momentum correlations proposed in Ref. [13]
for tt̄ decay to lepton plus jets final states were evaluated with a full simulation of
polarized electron and positron beams including a detailed model of the detector re-
sponse. Biases due to the selection and migrations in the distributions of observables
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The 68% C.L. limits on F2AZ and F2Aγ


