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‣ The ttbar production cross section is sensitive to the center of mass 
energy and mt 

‣ The emitted γISR reduce the available energy for the ttbar production 

‣ Therefore the ttbar production cross section is sensible to the emitted 
ISR photon energy in the ttbar + γISR production

INTRODUCTION TO THE OBSERVABLE: ISR 4
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‣ The idea is to measure the top-quark mass 
(mt) measuring the differential cross section 
of the process  e-e+ → ttbar γISR
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INTRODUCTION TO THE OBSERVABLE: ISR (II) 5

‣mt can be measured by 
counting the ttbar events 
produced for a certain 
s’ (i.e ISR energy photon, 
which can be measured 
with high precision) 

‣Our observable B(mt, ζs’) 
is the differential cross 
section of the ttbar 
production as a function 
of ζs’ = 

‣ The observable is more sensitive to mt near the top production 
threshold, and the dependence diminishes as ζs’ grows
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PARTON LEVEL STUDY: RESULTS 6

‣ From these template fits the top 
quark mass is estimated as the mean 
of the distribution and its error as the 
standard deviation 

‣ The input MC mass is mt = 173.1 GeV

s = 500 GeV Reconstructed mass

Integrated Luminosity mt (GeV) ∆mt (MeV)

500 fb-1 173.158 155

1000 fb-1 173.140 103

2600 fb-1 173.133 61
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FULL SIMULATION 
STUDY: OUTLINE 
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NEXT STEPS 8

‣ Take into account the uncertainty of the luminosity 
spectrum to properly evaluate the systematics due 
to the luminosity smearing 

‣ I am currently doing it for 380GeV but we plan to 
include ILC configurations as well 

‣ Improvements in the theoretical model: 

‣ Currently one model valid at the peak, one model 
valid at the tail  

‣ We need the proper overlap between the models
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Introduction

10

Contact 
interactions

Z/γ tt vertices

Wtb vertex

Effective Field Theory

(multi-) TeV operation 
provides better 
sensitivity to contact-
interaction operators.

“Z/g tt vertex” 
operators

“contact-
interactions” 

operators

dim-6 operators
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Global fit

11

Central fit: Afb + total cross-section for the process              with 
2 different beam polarizations in a realistic energy program.
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External inputs (now in progress)
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- CPV observables for the electric and weak dipoles, Im{CtW} 
and Im{CtB}.

See next section ->

- Complementarity bottom-top.
ArXiv:1704.01782 

Single top production may help.
Extending the fit to the bottom sector can 
provide the additional constraint we need 
(but also adds further operators) 

Good for CphiQ(1) and CphiQ(3).
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External inputs (now in progress)
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- Top decay width for Re{CtW} and CphiQ(3).

Victor Miralles (IFIC)

PRELIMINARYGood 
measurement at 
tt~ production 

threshold

- Top quark polarization at different axes.

In particular, the 
transverse axis helps to 
constrain CtB and CtW 

due to a higher 
sensitivity
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Top quark electroweak couplings
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New physics can 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

CP-violating couplingsCP-conserving couplings

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⇤

�ttX
µ (k2) = �ie

⇢
�µ

�
FX
1V (k

2) + �5F
X
1A(k

2)
�
+

�µ⌫

2mt
k⌫

�
iFX

2V (k
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,

(2)
The form factors eFX

i and FX
i that appear in Eqs. 1 and 2 are related via

eFX
1V = � �

FX
1V + FX

2V

�
, eFX

2V = FX
2V , eFX

1A = �FX
1A , eFX

2A = �iFX
2A . (3)

Within the Standard Model the F1 have the following tree-level values:

F �,SM
1V = �2

3
, F �,SM

1A = 0, FZ,SM
1V = � 1

4sW cW

✓
1� 8

3
s2W

◆
, FZ,SM

1A =
1

4sW cW
, (4)

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).

3

Eur. Phys. J. C (2015) 75:512 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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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(qX)

Lepton+jets final state
The charged lepton is the best analyzer of the top spin

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.  
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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 factor is to construct asymmetries 
sensitive to CP-violation effects

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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+ ! �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
ARe and AIm for c.m. energies used in this paper and for the beam polarization
configuration Pe� = �1 , Pe+ = +1.

c.m. energy
p
s [GeV] c�(s) cZ(s) c̃�(s) c̃Z(s)

380 0.245 0.173 0.232 0.164
500 0.607 0.418 0.512 0.352
1000 1.714 1.151 1.464 0.983
1400 2.514 1.681 2.528 1.691
3000 5.589 3.725 10.190 6.791

Table 4: Same as Table 3, but for Pe� = +1, Pe+ = �1.

c.m. energy
p
s [GeV] c�(s) cZ(s) c̃�(s) c̃Z(s)

380 -0.381 0.217 0.362 -0.206
500 -0.903 0.500 0.761 -0.422
1000 -2.437 1.316 2.081 -1.124
1400 -3.549 1.909 3.569 -1.920
3000 -7.845 4.205 14.302 -7.667

The polarization of the e� and e+ beams provides a means to disentangle the
contributions of the CP-violating photon and Z-boson vertices. The coe�cients
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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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Simulation samples (6f -> lepton+jets)
Full simulation

ILC@500GeV 
500fb-1, P(e-)=∓80%, P(e+)=∓30% (ILC LumiUp 4ab-1) 

CLIC@380GeV 
500fb-1, P(e-)=∓80%  

Loose timing cuts 

CLIC@1.4TeV 
    1.5ab-1, P(e-)=∓80%  

Tight timing cuts,  

Efficiency inputs from Rickard and Martin top tagging studies 

Fast Simulation

CLIC@3TeV 
   3ab-1, P(e-)=∓80%  

   Extrapolate numbers from low-energy stages results
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Prospects for CP-violating form factors
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-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 

Nacho Garcia


